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UNIVERSITY OF SOUTHAMPTON 
ABSTRACT 
FACULTY OF PHYSICAL AND APPLIED SCIENCE 
School of Electronics and Computer Science 
Doctor of Philosophy 
Resonant nano-electro-mechanical sensors for molecular mass-detection 
by Faezeh Arab Hassani 
This  research  is  conducted  as  a  part of  EU  FP7  project  entitled  NEMSIC  (hybrid  nano-
electro-mechanical/integrated  circuit  systems  for  sensing  and  power  management 
applications)  with  project  partners,  EPFL,  TU  Delft,  IMEC-NL,  CEA-LETI,  SCIPROM, 
IMEC-BE,  Honeywell  Romania,  and  HiQSCREEN.    Nano-electro-mechanical  (NEM) 
sensors  are  getting  an  increased  interest  because  of  their  compatibility  with  “In-IC” 
integration, low power consumption and high sensitivity to applied force, external damping 
or additional mass. Today, commercial biosensors are developed based on mass-detection 
and electro-mechanical principles. One of the recent commercial mass-detection biosensors is 
a quartz crystal microbalance (QCM) biosensor which achieves the mass sensitivity of a few 
tens pico g/Hz. The newly developed in-plane resonant NEM (IP R-NEM) sensor in this 
thesis achieves the mass sensitivity less than zepto g/Hz that is over nine orders smaller than 
that of the commercial QCM sensor using a much smaller sensing area compared to the QCM 
sensor. This fact will make the IP-RNEM sensor a world-unique sensor that shows a very 
high sensitivity to a very small change in mass. The stated mass sensitivity is achieved by 
modelling  the  functionalization  and  detection  processes  of  the  suspended  beam.  For 
modelling the linker molecules in the functionalization process, a conformal coating layer in 
different configurations are added to the suspended beam and the sparse distribution of target 
molecules in the detection process is modeled by changing the density of the coating layer. I 
would like to clarify that the scaling rule of the mass responsivity is given by k
4 regardless of 
the different functionalization configurations. I develop a completely new hybrid NEM-MOS 
simulation technology which combines three-dimensional finite element method (3D FEM) 
based  NEM  device-level  simulation  and  circuit-level  simulation  for  NEM-MOS  hybrid 
circuits.  The  FEM  device-level  simulation  module  also  includes  new  modelling  of  self-
assembled  monolayer  for  surface  functionalization  as  well  as  adsorbed  molecules  to  be 
detected and facilitates quantitative evaluation of mass responsivity of designed NEM sensor 
devices. The basic part of the sensor, the NEM structure, includes a suspended beam and two 
side electrodes and that is fabricated at the Southampton Nanofabrication Centre (SNC). The 
fabrication at SNC includes a new sensor that uses a free-free beam that improves the quality 
factor up to five orders of  magnitude at room temperature and atmosphere  based on the 
numerical results. The IP R-NEM sensor consists of a suspended beam that is integrated with 
an in-plane MOSFET and is fabricated by CEA-LETI. The monolithically integrated NEM 
with the MOSFET on the same SOI layer for the sensor is a real breakthrough which makes it 
a potential low-cost candidate among the mass-detection based sensors.  With respect to the 
conducted radio-frequency (RF) characterization for nano-wire devices in collaboration with 
the Tokyo Institute of Technology and NEM structures, the designing of an RF contact pad to 
reduce  the  effect of  parasitic  frequencies and  doing  the  measurement  at  high  vacuum  to 
reduce  the  motional  resistance  and  increase  the  quality  factor  are  necessary  for  the 
characterization of devices with nano-scale dimensions. The integrated MOSFET in the IP R-
NEM  sensor  amplifies  the  output  transmission  signal  from  the  resonating  beam  by  its 
intrinsic gain.  The fabricated sensors show a three orders of magnitude larger gain than that 
of the previously proposed resonant suspended gate FETs by biasing the MOSFET at the 
optimized voltage biases that are found based on the DC characterization of MOSFETs.     
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CHAPTER 1 
Introduction 
 
 
   The development of future intelligent systems will be achieved by co-integrating solid-state 
semiconductor micro/nano- and micro/nano-mechanical devices [1]. System on chip (SOC) 
approach enables integration of micro-electro-mechanical systems (MEMS) and integrated 
circuit (IC)  in  vertical or horizontal architectures [2]. Vertical  integration  is used  for the 
substrate-level integration, the interconnection level, the above-IC level or the module level. 
Horizontal  integration  allows  integration  of  MEMS  and  IC  on  the  same  surface 
monolithically.  The  silicon-on-insulator  (SOI)  technology  offers  the  ability  to  provide 
horizontal integration [2],[3]. By integrating nano-electro-mechanical-systems (NEMS) and 
IC, the cost of NEMS will continue to decrease [4]. Moreover, NEMS-IC devices show good 
performances  because  of  the  small  distance  between  NEMS  and  IC  that  allows  them  to 
suppress a lot of the parasitic effects [2],[4]. Figure 1.1 shows an example of recent attempts 
of shrinking MEMS dimensions to nano-scale using SOI technology.  
   There are three main research domains for micro/nano-electronics that include: i) More 
Moore,  ii)  More  than  Moore  and  iii)  Beyond  CMOS  (complementary  metal-oxide-
semiconductor)  as  shown  in  Fig.  1.2.  More  than  Moore  includes  nano-technology 
hybridization  with  other  platforms.  Wearable  and  implantable  systems,  environmental 
monitoring associated to ambient intelligence and ultra-low power sensors are benefits of 
More than Moore platform. NEMS-IC integration was addressed in the ‘More than Moore’ 
era [5]. The fusion of NEMS and nano-CMOS provides three types of applications including: 
switch, memory and sensor. CHAPTER 1 Introduction     
 
 
2 
  Switch: Scaling has played an important role in the improvement of performance and 
device density by doubling roughly every 18 months as per Moore’s law [6]. The 
scaling trend also causes an increase in the power dissipation that affects the device 
performance. As long as the sub-threshold leakage is becoming the dominant factor of 
power  dissipation,  massive  efforts  were  made  to  find  an  alternative  for  CMOS 
technology  [6-11].  Figure  1.3  shows  the  progress  of  emerged  structures  such  as 
carbon  nano-tube  field-effect-transistors  (CNFETs),  nano-wire  FETs  (NWFETs), 
impact ionization MOSs (IMOSs) and NEM devices as suspended gate FETs (SG-
FETs)  that  were  used  for  switching  applications  [6].  These  structures  show 
subthreshold slopes less than 60 mV/decade that is the lowest achieved subthreshold 
slope  by  conventional  MOSFETs.  With  respect  to  Fig.  1.3,  NEM  structure  is 
considered  as  an  alternative  for  CMOS  technology  because  they  gain  the  lowest 
subthreshold slopes among other emerged structures. Although NEM devices have 
extremely  low  OFF-current,  a  NEM  device  does  not  have  as  high  ON  current  as 
CMOS  transistors  [6].  So,  introduction  of  NEMS  into  conventional  MOSFETs 
provides  a  very  abrupt  switch  with  superb  performance  and  numerous  new 
functionalities that have not been achieved using present devices [12-14]. 
  Memory: A flash memory plays an important role in the non-volatile memory market. 
The current scalability  issue  is challenging the  conventional  floating-gate  memory 
technology in use for the flash memory. A new non-volatile memory concept based 
on bistable operation of the NEM structure combined with nano-crystalline-silicon 
(NC-Si) dots was proposed as an alternative for an extremely fast and non-volatile 
memory [15-17]. Another competitive candidate for a scalable non-volatile memory is 
the suspended gate silicon nano-dot memory (SGSNM) that was proposed due to the 
co-integration of NEMS, silicon nano-dots (SiNDs) and MOSFETs [18].  
  Sensor:  NEM  sensors  have  attracted  an  increasing  interest  as  a  new  technology 
because they not only offer compatibility with “In-IC” integration but also provide 
other  specific  advantages  such  as  ultra  miniature  size  elements,  low  power 
consumption, potential high resonance frequencies and quality factors, fast response 
time, high sensitivity to applied force, external damping or additional mass [5],[19-
27].  Current research  has  started to  focus  on  great  efforts  needed  to  improve  the 
available technology and functionality limits of smart nano-systems of sensing in the 
‘More than Moore’ era [28]. To present the NEM sensors that sense the molecules CHAPTER 1 Introduction     
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with  higher  sensitivity  compared  to  conventional  sensors,  the  NEM  structure was 
integrated  with  a  MOSFET  in  order  to  improve  its  functionalities  and  use  the 
capabilities of the MOSFET [29-31].  
 
 
Fig. 1.1 From MEM to NEM devices on thin SOI substrate [2] 
 
 
Fig. 1.2 Research domains for micro/nano-electronics [5] 
 
 
Fig. 1.3 Minimum subthreshold swings reported for advanced MOSFETs and other emerging devices [6] CHAPTER 1 Introduction     
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1.1  Motivation and scope of the thesis 
   The current research project was a part of European FP7 NEMSIC (Hybrid nano-electro-
mechanical/integrated  circuit  systems  for  sensing  and  power  management  applications) 
project  [32]  that  included  different  work  packages  for  sensing  and  power  management 
applications of NEM devices. The NEMSIC research map is shown in Fig. 1.4. Designing 
and realizing multi-terminal resonant NEM devices, such as in-plane resonant NEM (IP R-
NEM) sensor was the defined work package 1 (WP1) for the University of Southampton 
(UoS) as the leader of WP1. The resonant sensors are based on mass-detection principle and 
are  sensitive  to  extremely  small  perturbations  such  as  mobile  gate  mass  loading  or 
environment damping (in both gases and fluids). It is obvious that various applications in 
sensing  [33-36]  based  on  such  resonant-gate  FET  necessitate  the  adaptation  of 
functionalization of the mobile gate or the gate dielectric in order to attach the chemical or 
biological species that could  be detected in order to generate an equivalent mass-loading 
(resulting in NEM resonance frequency shift) or damping (resulting in modification of the 
NEM quality factor at resonance). 
 
 
Fig. 1.4 The NEMSIC research map [32] 
 
   This thesis focused on the study of the IP R-NEM sensor as defined in WP1. This is a mass-
detection based sensor that is used both in the biological and chemical-detection applications. 
This study started with the development of the sensor with a much higher sensitivity than that CHAPTER 1 Introduction     
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of  the  current  commercial  quartz  crystal  microbalance  (QCM)  mass-detection  based 
biosensor. Figure 1.5 (a) shows the NEM structure that consists of a clamped-clamped (CC) 
suspended beam which has an in-plane movement. With respect to the advantages of NEMS-
IC integration, the suspended beam is integrated with a MOSFET on the same SOI layer, the 
IP R-NEM sensor, which is shown in Fig. 1.5 (b) and is a real breakthrough which avoids 
unwanted parasitics associated with interconnects between MEMS and CMOS modules in the 
conventional CMOS-MEMS integration on the same platform. Moreover, the small footprint 
of the sensor makes it a potential low-cost candidate among the mass-detection based sensors. 
After doing the design of the NEM structure and the IP R-NEM sensor, the fabrication of the 
designed IP R-NEM sensor was done at the Commissariat à l'Energie Atomique-Laboratoire 
d'Electronique et de Technologie de l'Information (CEA-LETI) as a part of NEMSIC project 
and  further  characterization  on  the  fabricated  sensors  was  done  at  UoS.  Apart  from  the 
defined tasks in WP1 for UoS, the fabrication and characterization of the NEM structure were 
also done at UoS as a part of my research project during the allocated fabrication time for 
CEA-LETI. Meanwhile, I also did some experimental measurements on the received non-
suspended nano-wires (NWs) that were provided in collaboration with the Tokyo Institute of 
Technology (TIT). Non-suspended NWs were suspended and  further characterization was 
done for them.  
 
      
                                      (a)                                                                            (b)                                                           
Fig. 1.5 (a) The NEM structure and (b) the IP R-NEM sensor 
 
1.2  Organization of the thesis 
   Chapter 2 provides an overview of the recent NEMS-IC functional devices that work as 
switch, memory and sensor. As to the biological application for the developed sensor in this 
thesis, I will also provide an overview on the available biosensors specially QCM biosensors 
Si 
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that can be potential competitors to the IP R-NEM sensor. After that, the modelling and 
characterization of a resonant suspended gate FET (RSG-FET) that shows an out-of-plane 
movement with different applications for MEMS resonator, switch and memory are studied 
as a good example of the previously proposed suspended gate devices that are similar to the 
operation  of  the  developed  IP  R-NEM  sensor.  Radio-frequency  (RF)  characterization 
methods and measurement setups are studied in this chapter for the resonant devices. 
   Chapter 3 shows the design and modelling of the NEM structure and the IP R- NEM sensor. 
Based  on  the  analytical  and  numerical  results  of  the  developed  sensor,  I  will  study  an 
alternative structure called free-free (FF) NEM structure that improves the quality factor of 
the previously introduced CC NEM structure. The IP R-NEM sensor is used as a resonant 
sensor  to  detect  adsorbed  target  molecules  after  the  functionalization  of  the  resonator’s 
surface. The functionalization process is modelled by adding a continuous coating layer on 
the beam and the detection process is modelled by changing the density of the coating layer. 
Different possible configurations for the coating layer are studied and the mass responsivity, 
scalability and limit of detection of the sensor are investigated. 
   In chapter 4, the post-processing for the provided NWs from TIT is discussed. Then the 
mask  layout  design  and  fabrication  process  for  the  NEM  structure  fabricated  at  the 
Southampton Nanofabrication Centre (SNC) and the IP R-NEM sensor fabricated at CEA-
LETI are shown. The fabrication at SNC includes the FF NEM structure as well as the NEM 
structure. 
   In chapter 5, DC and RF characterizations of non-suspended and then suspended NWs are 
conducted that give me a good guideline for the characterization of NEM structures and IP R-
NEM sensors. After that the DC characterization of NEM structures are done followed by 
their RF characterization. Finally, the DC characterization and optimization of the applied 
DC  bias  voltages  to IP  R-NEM  sensors  are  done  for the  subsequent  RF  measurement.  I 
perform some simulations for the fabricated IP R-NEM sensors to investigate their measured 
DC characteristics in more details. The summary and future plans of my research are given in 
chapter 6.   CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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CHAPTER 2    
Introduction to hybrid NEMS-IC devices 
and modern biosensors 
 
 
   Complementary  metal-oxide-semiconductor  (CMOS)  technology  has  been  facing 
difficulties due to its scaling issues that caused a great deal of interest to the micro/nano-
electro-mechanical  system  (MEMS/NEMS)  that  is  a  promising  technology  today.  These 
technologies had their own drawbacks and their integration together provided us with the 
benefits  of  both  technologies  that  paved  the  way  towards  a  scalable  technology.  In  this 
chapter, an overview is first given on the recently proposed NEMS-integrated circuit (NEMS-
IC) functional devices with different applications for switches, memories and sensors. The 
proposed in-plane NEM (IP R-NEM) sensor in this thesis is used for biological-detection 
applications.  For  this  reason,  the  operation  of  a  biosensor  is  first  explained  and  then  a 
comparison on the limit of detection (LOD) for various biosensors is given. The LOD for the 
IP R-NEM sensor will be calculated in the next chapter in comparison with the equivalent 
values for these biosensors. The IP R-NEM sensor is a mass-detection based sensor that can 
be  compared  to  the  various  recent  commercial  mass-detection  based  quartz  crystal 
microbalance (QCM) biosensors. So the operation of the QCM biosensor and its related mass 
responsivity  and  LOD  are  described  for  further  comparison  in  the  next  chapter.  The 
previously  proposed  resonant  suspended  gate  field-effect-transistor  (RSG-FET)  is  also 
studied here. The possible characterization methods and measurement setups for the RSG-
FET and other resonant devices are investigated to provide us with a good guideline for the CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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future characterization of the IP R-NEM sensor that has basically a similar operation to the 
RSG-FET. 
 
2.1  NEMS-IC functional devices  
   C. Durand et. al gave an overview of the state-of-the-art micro/nano electro-mechanical 
resonators in Table 2.1, that is a very important component needed to integrate the frequency 
reference oscillator in chips [37]. There are different types of resonators that include vibrating 
beam, longitudinal beam, bulk square extensional plate, elliptic or contour mode disk, rings, 
solid dielectric capacitive gap resonator and bulk mode beam that are shown in Table 2.1. 
These resonators in Table 2.1 show various resonance frequencies that make the devices hard 
to compare. For this reason, the multiplication factor of the resonance frequency and quality 
factor, F×Q, were used to compare the resonators. The quartz F×Q  factor is 9×10
6 that 
shows the possibility of replacing quartz oscillators with the current resonators in Table 2.1 
by taking advantage of their integrability on the chip.  
   Nano-beam  resonators  are  considered  as  an  important  building  block  of  NEMS.  These 
resonators use the shift of the resonance frequency for example to detect the mass changes 
[38-45]. X. Han et. al [19] fabricated a clamped-clamped (CC) nano-beam resonator for the 
mass-detection application that was actuated by lateral electro-static force. Figures 2.1 (a) and 
2.1 (b) show the schematic view and the scanning electron microscope (SEM) image of the 
nano-beam  resonator  made  of  poly-silicon,  respectively.  They  showed  that the  resonance 
testing of NEM structures was always a  bottleneck  in this area, and  for this reason they 
introduced a lumped parameter method to analyze the dynamic characterization of the system 
before observing the resonance frequency of the beam using a capacitance detection circuit. 
The displacement of the nano-beam is in the nanometre range (nearly 10-20 nm for the beam, 
1-5 nm for the disk) thus making it difficult to detect using capacitive detection technique. 
Due to this fact, the necessity of integration of the NEM structure with IC technology is 
obvious [37] and it has attracted the attention of a number of researchers as in the following 
explanations. 
   N. Abelé [46],[47] proposed the RSG-FET that is a hybridization of a mechanical vibrating 
structure and a MOSFET. When the applied voltage to the suspended gate is less than the 
pull-in voltage, Vpi_RSG-FET, of the gate, the MOSFET is OFF and then turned ON for the 
voltages  larger  than  Vpi_RSG-FET.  The  RSG-FET  has  the  advantages  of  a  high  mechanical 
quality  factor, the transistor intrinsic gain and ultra  low-power that make this  structure a CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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candidate in quasi-static for MEMS switch and memory applications, and in dynamic for 
resonator application [6],[46-48]. Detailed description of this structure is shown later in this 
chapter.  The cross-section of the n-channel silicon-on-insulator (SOI) RSG-FET that consists 
of a metal membrane MEMS switch and a partially depleted (PD) SOI MOSFET is shown in 
Fig. 2.2 (a). Figure 2.2 (b) shows the simplified equivalent electrical circuit for the RSG-FET 
that includes a MOSFET and a variable capacitance that is defined by the gap between the 
suspended gate and MOSFET channel.   
 
Table 2.1 Electro-mechanical state-of-the-art resonators [37] 
 CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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                                                                           (a)                                                                      (b) 
Fig. 2.1 (a) A schematic view and (b) the SEM image of the nano-beam resonator made of poly-silicon [19] 
 
 
                                                                                            (a)                                         (b) 
Fig. 2.2 (a) The cross-section of the n-channel SOI SG-FET and  
(b) its simplified electrical equivalent circuit [19] 
 
   Integration of a NEMS beam and single electron transistors (SET) was studied using three-
dimensional (3D) calculation and analytical modelling by B. Pruvost et. al [13]. Figure 2.3 (a) 
presents  the  integrated  NEMS  beam  and  SET  that  was  simulated  with  a  multi-physics 
modelling  and  simulation  software,  COMSOL  [49].  By  tuning  the  suspended  gate 
capacitance of the SET, the periodicity and the level of the current is changed. Moreover, 
NEMS-gate  architectures  improves  the  behaviour  of  the  conventional  SETs  with  new 
functionalities such as threshold gate behaviour or abrupt current switching, and in general, 
further control of the device’s behaviour [13].  Y. A. Pashkin et. al proposed a suspended Al-
based  SET  that the  island  resonates  freely  between  the  defined  drain  and  source  on  the 
clamps as shown in Fig. 2.3 (b). This improved the capability of detecting the motion of a 
mechanical resonator within the quantum limit [50]. In Fig. 2.3 (b), a bottom gate with a 
larger capacitance to the SET island is placed underneath to increase the SET coupling to 
mechanical motion.  CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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                                                      (a)                                                                                  (b) 
Fig. 2.3 (a) The 3D simulation of an integrated NEMS beam with a SET using COMSOL [13], 
(b) schematics of the suspended SET and measurement circuit [50] 
 
   Y. Tsuchiya et. al [16] proposed a silicon NEM non-volatile memory that consists of a 
suspended floating gate beam in the cavity under the gate electrode, which contains the nano-
crystalline-silicon (NC-Si) dots as charge storage.  Figure 2.4 (a) shows the schematic of the 
NEM memory. The floating gate is bent naturally, either upward or downward. When the 
gate voltage is applied, the floating gate beam moves via electro-static interactions between 
the gate electrode and the charge in the NC-Si dots. A positional displacement of the floating 
gate  may  be  sensed  via  a  change  in  the  drain  current  of  the  MOSFET  underneath. The 
bistable nature of the NEMS beam causes the possibility of proposing a high speed non-
volatile memory device with the operation speed of several GHz or higher [16]. Another new 
suspended gate silicon nano-dot memory (SGSNM) was proposed by co-integrating NEMS, 
silicon nano-dots (SiNDs), and MOSFETs by M. A. Garcia-Ramirez et. al [18],[51]. Figure 
2.4 (b) shows a schematic of the SGSNM, which consists of a MOSFET as readout, SiNDs as 
a floating-gate (FG), and a movable suspended gate isolated from the FG by an air gap and a 
thin oxide layer. The advantages of the SGSNM cell include high speed programming/erasing 
operations, no gate leakage current and a serious non-volatility [18].  
 
       
                                               (a)                                                                             (b) 
Fig. 2.4 (a) The schematic of the silicon NEM non-volatile memory device incorporating NC-Si dots [16], 
(b) the schematic of the SGSNM [18] CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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   Using the resonant NEM structures as sensors and integrating them with MOSFETs enable 
us to provide a wider range of functionality [29],[52]. E. Colinet et. al developed an in-plane 
SG-FET compatible with a front-end CMOS using the silicon-on-nothing (SON) technology 
and compared two capacitive and MOSFET detection methods for the SG-FET [52]. The 
SEM view of their developed lateral SG-FET is shown in Fig. 2.5. The integration of SG-
FETs  in  MOS  front-end  enables  the  realization  of  more  sophisticated  system-on-chip 
architectures, including NEMS-based oscillators, low power switches and sensors [52]. 
 
 
Fig. 2.5 The SEM view of the lateral SG-FET [52] 
 
2.2  Biosensors  
   The  growing  market  of  molecular  diagnostics  motivates  us  to  use  new  devices  for 
biosensing procedures [53]. For this reason, biomedical or biological MEMS (BioMEMS) 
show a great interest among the researchers with a wide variety of important biomedical 
applications [54],[55]. BioMEMS cover a range of applications from diagnostics, such as 
Deoxyribonucleic  acid  (DNA)  and  protein  micro-arrays,  to  micro-fluidics,  surface 
modification, systems for drug delivery, etc. [56]. Figure 2.6 shows the resulting research 
areas on the integration of micro/nano-technology and biomedical sciences. The focus of this 
thesis is on the sensing application of NEMS-IC devices, and the proposed NEM sensor is 
used  especially  for  the  mass-detection  based  biological  applications.  This  section  first 
presents a  brief review of  various  biosensors and BioMEMS  sensors and compares their 
LOD.  A  particular  attention  is  paid  to  the  QCM  biosensor  as  a  commercialized  mass-
detection based biosensor. CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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Fig. 2.6 The related research areas to the integration of micro/nano-technology and 
biomedical sciences [54] 
 
    In 1999, international union of pure and applied chemistry (IUPAC) proposed a definition 
of a biosensor [57]. They defined it: “a biosensor is a self-contained integrated device which 
is capable of providing specific quantitative or semi-quantitative analytical information using 
a biological recognition element (biochemical receptor) which  is  in direct contact with a 
transducer element”. A schematic of a biosensor is shown in Fig. 2.7. A biosensor consists of 
biochemical  receptors  and  transducer  as  shown  in  Fig.  2.7.  The  biochemical  receptor 
specifically reacts or interacts with the analyte of interest resulting in a detectable chemical or 
physical change that is used for the subsequent measurement [58]. 
 
 
Fig. 2.7 A schematic of a biosensor [58] CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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   The biochemical receptor has to be properly attached to the transducer and this process is 
called immobilization [57],[59],[60]. There are five main methods of doing this process as 
follows: 
  Adsorption:  This  is  the  simplest  method  with  a  minimal  preparation.  Using  this 
method, the bonding is weak and only suitable for exploratory work over a short time. 
  Micro-encapsulation:  This  was  a  method  for  early  biosensors  in  which  the 
biochemical receptor is held in place behind a membrane to provide a close contact 
between the receptor and transducer. 
  Entrapment: In this method, the biochemical receptor is mixed with a monomer which 
is then polymerized to a gel and consequently traps the receptor. 
  Cross-linking:  In  this  method,  the  biochemical  receptor  is  chemically  bonded  to 
transducer or another supporting material such as gel. 
  Covalent  bonding:  This  approach  involves  a  carefully  designed  bond  between  a 
functional group in the biochemical receptor and the transducer. 
   The lifetime of the biosensor is increased in respect to the immobilization method and the 
typical  lifetime  for  the  same  biosensor  using  different  immobilization  methods  include: 
Adsorption (1 day), membrane entrapment (1 week), physical entrapment (3-4 weeks) and 
covalent entrapment (4-14 months) [59].  
 
2.2.1  Performance factors of biosensors 
   Due to different new emerging techniques for the biosensors, it is necessary to establish a 
criteria for the sensor by which we measure its performance. The following factors give us an 
idea of the performance requirements for a particular application [59],[61]. 
  Selectivity: It is rare to find a biosensor that only responds to one analyte and is more 
common to find a sensor that responds to one analyte with a limited response to other 
similar analytes. For example ion-selective electrodes respond to particular ions, like 
the glucose oxidase (GOD) as an enzyme is selective for glucose in the presence of 
other sugars in a blood solution. 
  Sensitivity: It is important to know that, what concentration range is detected by the 
biosensor, range, and from calibration point of view, what section of this range shows CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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a linear response, linear range. The other parameter that is included in the definition 
of sensitivity of a biosensor is detection limit. Based on IUPAC, “detection limit is the 
minimum single result which, with a stated probability, can be distinguished from a 
suitable  blank  value.  The  limit  defines  the  point  at  which  the  analysis  becomes 
possible and this may be different from the lower limit of the determinable analytical 
range”.  
  Time factors: This factor includes response time, time to allow the system to come to 
equilibrium, recovery time, the time that should be passed before a sensor is ready for 
the  next  sample  measurement,  and  lifetime,  the  time  after  which  the  response  is 
declined by a given percentage. 
  Precision, accuracy and repeatability: The analytical value of a senor must show the 
sufficient precision for the required purpose, accuracy close to the expected value and 
repetitive measurements in a certain range. 
 
2.2.2  Classification of biosensors 
   Biosensors are classified as bioreceptor- or transducer-type [59],[60]. The most common 
forms  of  bioreceptor  recognition  mechanisms  are:  (i)  antibody/antigen  interactions,  (ii) 
nucleic  acid/DNA  interactions,  (iii)  enzymatic  interactions,  (iv)  cellular  structure/cell 
interactions (i.e. microorganisms, proteins) and (v) interactions using bio-mimetic materials 
(i.e. synthetic bioreceptors). Classification of biosensors based on transducer-type includes: 
  Optical  transducers:  They  determine  changes  in  light  absorption  between  the 
reactants and products of a reaction, or measuring the light output by a luminescent 
process  in  which  the  light  is  guided  with  optical  fibres  into  the  sensor.  Taking 
advantage of the development of fibre optics, a greater flexibility and miniaturization 
are achieved  for these types of transducers. An  example  for the integrated optical 
transducer on a chip for the detection of DNA is shown in Fig. 2.8. In Fig. 2.8, the 
target DNA strands are fluorescence labelled for further detection and are adsorbed to 
the surface by the capture probes. 
  Electro-chemical transducers: They convert the biological recognition event into a 
detectable electrical signal (current, potential and resistance). There are three basic 
electro-chemical processes that include: CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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o  Potentiometry: The measurement of a cell potential at zero current.  
o  Voltammetry  (ampermetry):  The  measurement  of  cell  current  in  which  an 
oxidizing (or reducing) potential is applied between the cell electrodes.  
o  Conductometry: The measurement of the conductance of the cell by an alternating 
current bridge method. 
   It  is  important  to  note  that,  all  of  the  above  types  of  electro-chemical  transducers 
particularly potentiometric detection method can be constructed on a silicon-based FET 
[59],[62]. The general form of potentiometric sensors are the ion-sensitive FETs (ISFETs) 
or  chemical  FETs  (Chem-FETs)  in  which  the  potential  of  an  electrode  is  measured 
compared to another electrode. The schematic of  a NW potentiometric sensor for pH 
detection is shown in Fig. 2.9 (a). In this sensor, the conductance of the NW changes due 
to the biochemical reaction on the surface of NW as shown in Fig. 2.9 (b). The micro-
potentiometric sensors on a chip perform the label-free detection of hybridization of DNA 
[63].  Label-free  detection  provides  direct  monitoring  of  the  target  molecules  without 
modifying them with labels [64]. The schematic views of the operation of conductometric 
and  amperometric  biosensors  on  a  chip  are  shown  in  Fig.  2.10.  The  conductometric 
biosensor  in  Fig.  2.10  (a)  measures  conductance  changes  induced  by  changes  in  the 
overall  ionic  medium  between  the  two  electrodes.  Figure  2.10  (b)  shows  the  electric 
current in the amperometric sensor due to the involved electrons in reduction-oxidation 
(redox) processes due to the interaction between glucose molecules and GOD. 
 
   
Fig. 2.8 The optical transducer on a chip for DNA detection [54] CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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                                                                   (a)                                                                  (b) 
Fig. 2.9 (a) The schematic of a NW potentiometric sensor for pH detection and 
(b) conductance of the NW versus pH of the target analyte [54] 
 
 
(a) 
 
(b) 
Fig. 2.10 The schematic views of the operation of [56]: (a) Conductometric and 
(b) amperometric biosensors on a chip  
 
  Mechanical  transducers:  They  convert  the  biological  recognition  event  into  a 
detectable mechanical output such as resonance frequency, velocity, displacement, 
etc. This type of transducers includes: 
o  Piezo-electric  transducers:  They  convert  the  changes  in  recognized  mass  into 
changes  in  resonance  frequency  of  mainly  crystals  under  the  influence  of  an 
electric field. 
o  Acoustic wave transducers: They sense the changes in the velocity or amplitude of 
the acoustic wave as it propagates through or on the surface of the material. CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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o  Micro/nano-scale cantilever transducers on a chip: This type of transducers have 
recently  been used  for  stress sensing and  mass  sensing  and one of their  main 
advantages  is  the  capability  of  label-free  detection  similar  to  the  micro-
potentiometric sensors [54]. In stress sensing mode that is also referred to as the 
static mode, the biochemical reaction on one side of the cantilever causes changes 
in the stress of the surface that leads to a measureable bending of the cantilever. 
The bending is detected using optical methods like laser or electrical methods like 
the integrated piezo-resistor on the cantilever [54],[65]. A schematic view of the 
stress sensing mode for the cantilever and the relation between the displacement 
and surface stress are shown in Fig. 2.11 (a). This thesis is interested in the mass 
sensing mode that is referred to as the dynamic mode and details will be discussed 
in the next chapter. In this mode, the captured biological entity on the surface of 
the  cantilever  will  change  the  mass  of  the  cantilever  and  consequently  the 
resonance frequency of the vibrating cantilever [54],[65]. This mode is preferable 
because there is no need for the optical setup and the cantilever constitutes the 
frequency-determining element of an oscillator circuit [65],[66]. Figure 2.11 (b) 
shows  the  schematic  view  of  the  cantilever  for  mass  sensing  and  the  relation 
between the mass and resonance frequency.  
  Thermal transducers: They detect heat released  or absorbed during a  biochemical 
reaction that is proportional to the molar enthalpy and the total number of product 
molecules created  in the reaction [67]. MEMS thermal  biosensors offer  improved 
sensitivity and linear range, reduced power consumption and shortened measurement 
times and they can be either thermistors or thermopiles [68]. Figures 2.12 (a) and 2.12 
(b) show the cross-section and top view of a MEMS thermal biosensor respectively 
that  consists  of  a  thermopile  integrated  with  a  microfluidic  system  [68].  The 
microfluidic  system  includes  two  identical  chambers  that  have  their  surfaces 
functionalized with enzymes and are filled with the analyte and buffer solutions. The 
enzyme-catalyzed reactions of the analyte produce a thermal power that is measured 
by using the temperature difference between the sample and reference chambers.  
   Among the different existing  biosensors, the resonant-based  sensors have recently  been 
particularly  popular  because  of  the  higher  resolution  and  accuracy  of  frequency 
measurements  compared  to  voltage  or  current  measurements  in  the  modern  digital 
measurement  circuits  [69],[70].  Moreover,  the  resonance-based  sensors  share  the  same CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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platform with the frequency counter circuits monolithically as a regular pulse generator [69].  
The performance of a biosensor is also distinguished by its detection limit and the device 
sensitivity [71]. Table 2.2 shows a summary on the performance of a few available biosensors 
[72-78]  including  their  detection  target,  detection  limit,  response  time,  detection  time, 
detection range and the  lifetime of the  biosensor. The detection  limit  is explained  in the 
following section. 
 
 
                                          (a)                                                                                 (b) 
Fig. 2.11 A schematic view of the cantilever for [54]: (a) The stress and (b) the mass sensing mode 
 
 
                                             (a)                                                                                   (b) 
Fig. 2.12 A MEMS thermal biosensor [68]: (a) The cross-section and (b) the top view of the sensor 
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Table 2.2 The performance of recent biosensors  
1 Response time is the time of injection to maximum height of the response peak [77]. 
2,3 The detection limit values are for with out and with Au particle, respectively. 
4 Total detection time includes DNA extraction for 0.5 hr, polymerase chain reaction (PCR) for 1.5 hr and real-
time extraction for 1 hr [76]. 
 
2.2.3  Definition of detection limit for DNA biosensors 
   This thesis focuses on DNA and protein as the major targets for the sensor among different 
types  of  targets  available.  Figure  2.13  shows  the  transduction  mechanisms  and  LOD  for 
several bibliographic references on DNA biosensing. With respect to Fig. 2.13, a massive 
number of DNA biosensors have been studied in research laboratories based on the electro-
chemical  transduction  mechanisms  with  a  wide  range  of  LODs  down  to  zepto  M 
(Molar=mol/L) regime. For the mass-detection principle only a few have been reported based 
on resonance frequency and surface acoustic wave (SAW) methods with relatively moderate 
LODs  (10  M-  10  nM).  These  days  the  mass-detection  based  mechanical  sensors  have 
attracted a great interest due to their excellent capability of scaling as the physical size is 
reduced. Their scalability results in higher sensitivity to mass changes and applied forces as 
well as faster response time [33]. J. L. Arlett et al. showed LODs down to 1 femto M for 
micro-cantilever  resonators  in  their  recently  reviewed  article  that  were  compared  to  NW 
biosensors, which are a type of electro-chemical transducers, with the minimum LODs down 
to 0.1 pico M [33]. For this reason, the minimum LOD of 1 femto M is considered as a target 
value for the introduced sensor in this thesis that is specified with a red dot in Fig. 2.13. 
Ref.  Sensing 
mechanism 
Detection 
target 
Detection 
limit 
Response 
time 
1 
Detection 
time  Detection range  Lifetime 
[72]  Electro-chemical 
(Amperometric) 
Glucose   47 uM  8 s  -  1.5-7 mM  20 days 
[73]  Electro-chemical 
(Potentiometric) 
DNA 
 
6.8×10
-9 
molL
-1 
- 
 
-  1.76×10
-8- 
1.07×10
-6 molL
-1 
1 week 
 
[74] 
 
Electro-chemical 
(Impedimetric) 
Protein 
 
0.5 nM 
 
-  -  0.5-500 nM  - 
 
[75]  Optical 
 
 
Methyl 
parathion 
pesticide 
0.3 uM 
 
< 3 min 
 
-  4-80 uM 
 
1 month 
 
[76]  Piezo-electrical 
 
Foodborne 
pathogens 
 
1.2×10
2 
CFU/ml 
2 
1.2×10
6 
CFU/ml 
3 
-  3 hr 
4 
 
1.2×10
2 - 
1.2×10
6 CFU/ml 
 
- 
 
[77]  Thermal  Glucose  0.06 mM  2 min  -  0.2-30 mM  3-6 
months 
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Fig. 2.13 The transduction mechanism and LOD for several bibliographic references on DNA biosensing 
drawn based on the data published in [53] 
 
   In order to define the LOD for mass-detection DNA sensors, it is necessary to convert the 
unit  of  LOD  from  mol/L  to  g/cm
2.  A  preliminary  method  is  described  for  this  unit 
conversion. Figure 2.14 shows a suspended beam that is anchored in both ends and two side 
electrodes.  It  was  assumed  that  all  the  DNA  molecules  in  the  solution  surrounding  the 
suspended beam were captured on the beam surface during a certain detection time. If we 
consider that the volume of the red part, Vs, that is shown in Fig. 2.14, is filled by the target 
solution  and also assume that the detection time  is  long  enough  in order that, all of the 
available  DNA  molecules  can  attach  to  the  beam  surface,  changes  of  the  mass  due  to 
adsorbed molecules, ∆mba, is calculated by: 
                ∆mba (g) = Vs (cm
3) × x (mol/L) × (molecular weight) (g/mol)                 (2-1) 
   Today, commercial biosensors have been developed based on the mass-detection principle. 
One of the recent mass-detection biosensors is a QCM biosensor that will be discussed in the 
following section. CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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Fig. 2.14 The volume of the target solution surrounding the suspended beam shown in red 
 
2.2.4  Quartz crystal microbalance biosensors 
   A QCM crystal consists of a thin (≈200- 400 μm) circular disk (diameter~0.5-3 cm) of 
crystal sandwiched between a pair of circular metal electrodes typically gold or platinum. 
Figure  2.15  (a)  shows  both  sides  of  a  typical  quartz  resonator  used  for  the  QCM  and 
metallised with gold electrodes [79]. The front side is in contact with the analyte of interest 
and the back side is exposed to air. The crystal will start resonating when the frequency of the 
applied field is equal to its resonance frequency. The resonance frequency of the crystal is 
thus directly proportional to the total mass of the crystal. The application of a mechanical 
stress to the quartz causes the generation of electricity (piezo-electricity) that is the basis of 
the QCM [79]. Applied stresses lead to the displacement of the atoms and subsequent shifting 
of the dipoles, causing a change in the net charge at the crystal face and consequently the 
change of electrical potential.  Other way, the QCM operates by applying a potential across 
the electrodes connected to the quartz crystal surface and generating a shear force. The QCM 
measures a  mass per unit area by  measuring the change  in frequency of a quartz crystal 
resonator. The resonance is changed by adding or removing of a small mass at the surface of 
the resonator. A linear relation between the changes of resonance frequency, Δf, and changes 
of mass, Δm, for the QCM is considered if the added mass to the surface is small compared to 
the weight of the crystal, rigidly adsorbed and smoothly distributes on the surface of the 
resonator [80]. Changes in the energy dissipation of the oscillating system in the QCM will 
violate the linear relation between ∆f and ∆m [80]. In antigen-antibody applications, both the 
sensing template and the captured molecules are often relatively small and rigid proteins, 
consequently the linear relationship between changes in frequency and coupled mass is very 
accurate [80]. QCMs are known to provide very sensitive mass-measuring devices in gas 
phase and  in aqueous solution [81]. Different types of cut  for the crystal cause different 
properties. The two common cuts for the crystal are [82]:  CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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  Stress-compensated (SC) crystals: These crystals are available with a doubly-rotated 
cut  that  minimizes  the  frequency  changes  due  to  temperature  gradients  when  the 
system is operating at high temperatures, and reduces the reliance on water cooling. 
However, due to the more difficult manufacturing process, they are more expensive 
and are not widely commercially available.  
  AT-cut crystals: These crystals are single-rotated cuts from rods of quartz at a 35
◦ 15’ 
angle  from  the  z-axis  perpendicular  to  the  surface.  By  applying  an  alternating 
potential across the electrodes, a vibrational wave with an amplitude parallel to the 
crystal surface  is generated. The  vibrational  motion of crystal causes a transverse 
acoustic wave with the speed of sound that is reflecting back into the crystal at the 
surfaces, as shown in Figure 2.15 (b). When the wavelength of the acoustic wave in 
crystal is twice the crystal thickness, a standing wave is created and the crystal is 
oscillating at its resonance frequency. The AT-cut crystal is easily manufactured and 
ensures high temperature stability and pure shear motion when subjected to an electric 
field.  The  frequency  of  crystals  is  inversely  proportional  to  the  thickness  of  the 
crystals. So for mechanical processing there is an upper limit of about 50 MHz for 
crystals operating on the fundamental mode [82]. 
   
 
                                     (a)                                                                                               (b) 
Fig. 2.15 (a) Both sides of a typical quartz resonator as used for the QCM and metallised with gold 
electrodes and (b) the created transverse acoustic wave in the crystal by applying a potential to the 
electrodes [79] 
 
   Y.  Okahata  et.  al  [83]  proposed  a  new  methodology  in  1992  to  detect  the  one-to-one 
hybridization between the oligonucleotides  immobilized on  Au electrodes of a QCM and 
target M13 phage DNAs in aqueous solutions. The detection was done using the frequency 
changes of the QCM and the methodology is shown in Fig. 2.16. The fundamental frequency 
of the QCM in their methodology is 9 MHz. In 1998, Y. Okahata et. al proposed the 27 MHz 
QCM that is ~10 times more sensitive than the last conventional 9 MHz QCM [83]. CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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   Y. Okahata has developed a commercial product, AFFINIX Q, that is a single channel 
QCM biosensor (Fig. 2.17 (a)) and a 4-channel QCM biosensor that is called AFFINIX Q4 
(Fig. 2.17 (b)) in 2003 [84],[85]. AFFINIX Q and AFFINIX Q4 are used for quantification of 
interaction  between  biomolecules  (such  as  proteins,  enzymes  and  DNA)  and  enzyme 
reaction. A. Sellborne et. al developed a methodological system that includes a QCM with 
dissipation monitoring (QCM-D) purchased from Q-sense AB [86]. Q-sense E4 is the latest 
generation of QCM-D technology from Q-Sense AB that consists of four QCM sensors that 
can be used in any series or parallel configuration and it obtains the kinetics of both structural 
changes and mass changes [87]. Another example for the commercial biosensor is the Mark 
21 QCM from QCM research that is based on the first award winning Mark 8 QCM design in 
1975  [88].   Table  2.3  shows  characteristics  of  the  first  and  recently  developed  QCM 
biosensors. As the IP R-NEM sensor will be used as mass-detection biosensor, a comparison 
between these QCM biosensors and the IP R-NEM sensor will be done in the next chapter. 
 
 
Fig. 2.16 The methodology to detect the one-to-one hybridization between the oligonucleotides 
immobilized on Au electrodes of a QCM [81] 
 
        
                                                                      (a)                                                            (b) 
Fig. 2.17 (a) AFFINIX Q and (b) AFFINIX Q4 [84] CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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Table 2.3 Comparison of the commercial QCM biosensors 
 
2.3  Resonant suspended gate FET   
   Flexural mode architecture is one of the electro-static MEMS resonators that can be single 
or  double  clamped  beam  [47],[89].  The  beam  resonates  in-plane  or  out-of-plane  at  its 
intrinsic resonance frequency depending on the material and dimensions of the beam. Two 
ports lateral CC beam resonator is shown in Fig. 2.18. This architecture uses the capacitive 
detection  that  gives  a  current  related  to  the  capacitance  between  the  resonator  and  the 
electrode. Simply, the attractive force between two movable conductive plates will produce 
an electro-static actuation. The actuation electrode in the MEMS resonator is fixed and only 
the suspended conductive structure is moving. The electro-static force is calculated using 
[47]: 
2
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) y d (
AV
2
1
V ) C (
2
1
F

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                                               (2-2) 
where, ε0, is the air permittivity, Cgap, is the capacitance between the two plates, V, is the 
applied  voltage,  d0,  is  the  initial  gap  between  the  two  plates,  A,  is  the  area  of  the  two 
conductive parts and, y, is the lateral displacement. 
   By applying both AC, Vacsinωt, and DC voltages, Vdc, where V=Vdc+Vacsinωt, the structure 
is actuated at its resonance frequency,  , and the electro-static force is rewritten as follows 
[47]: 
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Biosensor  Mass  
detection limit 
 
Q-factor 
Mass 
responsivity  Sensing area  Fundamental 
frequency 
 
Ref. 
QCM 
Okahata et 
al. (1992)  
-  -  1.05 ng /Hz  0.16 cm
2  9 MHz  [83] 
Q-Sense E4  -  ≥ 10
5  27 ng/Hz  1.54 cm
2  5 MHz  [87]  
QCM 
Initium 
AFFINIX Q  
100 pg  ≥ 10
5  30 pg /Hz  0.049 cm
2  27 MHz  [85] 
Mark 21 
QCM sensor  56.6 µg  -  18 pg/Hz  0.1007 cm
2  50 MHz  [88] CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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   This architecture is typically used for applications with the frequency range of 10 kHz to 
100 MHz. Higher  frequencies are achieved by scaling down the dimensions of the beam 
which increase the rigidity and consequently decrease the mechanical displacement. So with 
low  mechanical displacement, the capacitance  measurement will  face  some difficulties  in 
measuring  the  induced  low  capacitance  variations  which  is  lower  than  the  detection 
threshold. Moreover, scaling down the dimensions of the beam causes a negative impact on 
the power handling capability of the resonator [90]. 
 
 
Fig. 2.18 Schematic of a lateral flexural CC beam resonator [47] 
    
   Electro-static MEMS/NEMS is a CMOS-compatible technology and their integration with 
transistors has attracted a great of interest due to the larger output current capability [91].  H. 
C. Nathonsan et. al described the first resonant gate transistor (RGT) in 1967 that was an 
electro-statically  excited  tuning  fork  using  FET  as  readout  [92].  A  new  approach  was 
introduced based on MOSFET detection for the MEMS resonators in high frequencies as 
wireless application requires working in the intermediate and ultra-high frequency domains, 
from 30 MHz to 300 MHz and from 300 MHz to 3 GHz, respectively [47]. The introduced 
RSG-FET  in  Fig.  2.19  (a)  consists  of  a  mobile  gate  resonating  over  the  channel  that 
modulates the channel charge and induces the drain current. The cross-section of the RSG-
FET along the channel is also shown in Fig. 2.19 (b). DC and AC signals are applied to the 
suspended  gate  electrode  that  can  be  a  CC  beam.  The  electrical  and  electro-mechanical 
modelling of the CC RSG-FET [47] is presented in the following section. 
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                                                                (a)                                                                             (b) 
Fig. 2.19 Schematics of [47]: (a) The resonant SG-FET and  
(b) the transverse view of the device along the line AA΄ 
 
2.3.1  The electrical and electro-mechanical modelling of the CC 
RSG-FET 
   The equivalent electrical circuit of the RSG-FET [47] is shown in Fig. 2.20 that consists of 
a gap capacitance, Cgap, and an integrated MOSFET. Cgap is a variable capacitance as it shows 
the capacitance between the MOSFET oxide surface and the movable gate. The MOSFET 
itself is modelled with a gate-to channel capacitance, Cgc, in the linear region consisting of an 
oxide capacitance, Cox , a depletion capacitance, Cd , and  an inversion capacitance, Cinv that 
are the capacitances of a classical MOSFET.  Cgap, Cox, Cd and Cinv are capacitively dividing 
the applied gate voltage, VG. The divided gate voltage is calculated as [47]: 
)
C
C
1 (
V
V
gap
gc
G
int G


                                 (2-4) 
 
        ≡            
Fig. 2.20 The electrical modelling of an RSG-FET [47] 
 
   Considering  the  electro-mechanical  analysis,  the  total  energy  stored  between  two 
conductive plates is as follows [47]: 
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where, Uelec, and, Umeca, are the electro-static and mechanical energy respectively and, k, is 
the gate rigidity. Cgap is calculated as [47]: 
y d
A
C
0
0
gap 

                          (2-6) 
   Cgap0  represents  the  equilibrium Cgap  considering  y=0.  When  the  gate  is  in  mechanical 
equilibrium, the derivative of eq. (2-5) over y is null. Moreover, the voltage drop between the 
gate and the substrate is equal to VG-VGint and as the initial gap is, d0, the displacement is 
equal to d0-y. So the pull-in voltage of the gate is calculated as [47]: 
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                  (2-7) 
where, Wbeam, and, Lbeam, are the width and length of the gate, respectively. Electro-static 
MEMS resonators are mechanically and electrically modelled by a resonating damped system 
as  shown  in  Fig.  2.21.  The  electrical  model  is  represented  by  the  series  inductor,    Lx, 
capacitor, Cx, and resistor, Rx, that are respectively the equivalent of mass, m, spring, k, and 
damper,   , in the mechanical model, and a parallel Cgap that is variable with gap, dgap. The 
series resonant circuit is responsible for the resonant peak, fr, and the parallel circuit causes 
anti-resonant peak, fa, that are discussed later. The two resonance frequencies are [47]: 
x x
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Fig. 2.21 Schematics of the mechanical (left) and electrical model (right) of an electro-static resonator [47] 
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2.3.2  Characterization of the RSG-FET  
   At  low  frequencies,  most  circuits  are  modelled  using  a  group  of  replaceable  lumped-
equivalent elements but at high frequencies, such a simplified modelling becomes inaccurate 
[93],[94]. Assuming the passive and active circuit devices as a “black box” irrespective of 
their  complicated  behaviour  has  many  advantages  and  is  especially  important  in  high 
frequency circuits [95]. A general two-port network using the “black box” methodology is 
shown in Fig. 2.22. This methodology is based on establishing the input-output parameter 
relations  such  as  impedance,  admittance,  hybrid,  ABCD  and  scattering  parameters  (S-
parameters). In the following sections, first S-parameters and their practical  measurement 
using  network  analyzer  are  explained  followed  by  the  impedance  measurement  as  an 
alternative method for high-frequency measurement. The RSG-FET is considered as a two-
port network and two characterization setups  for the RSG-FET, capacitive and MOSFET 
detections  [47]  that  are  presented  in  the  following  sections.  Besides  the  network  and 
impedance  analyzers,  lock-in  amplifier  measurement  is  also  used  as  an  alternative 
characterization technique for the resonant devices [96-98]. The quality factor of a flexural 
beam resonator is strongly dependent to air damping so the resonators should be then either 
tested in a vacuum chamber or preferably encapsulated in thin film vacuum package [37].  
 
 
Fig. 2.22 A general two-port network [94] 
 
2.3.2.1  Measuring S-parameters by network analyzer 
   At high frequencies the characterizing of multi-port devices is no longer possible using 
simple  open  or  short-circuit  measurements  and  S-parameters  are  important  for  the 
characterizing  high  frequency  circuits  [93],[95].  S-parameters  define  the  input-output 
relations of a network in terms of incident and reflected power waves as shown in Fig. 2.23. 
S-parameters are usually measured with the device under test (DUT) imbedded between a 50 
Ω-load, ZL, and source [93]. S-parameters are defined as follows [95]: CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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where: 
2 port  at    power wave   2/incident port  at    power wave   reflected
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Fig. 2.23 Two-port network showing incident waves (a1, a2) and reflected waves (b1, b2) [95] 
 
   In  a  symmetrical  network  S11=S22  and  S12=S21.  If  the  characteristic  impedance,  Z0,  is 
considered for the connecting lines on the input and output sides of the two-port network, S-
parameters are measured by a matched load that is ZL=Z0 when a2=0 in the case of S11 and 
ZS=Z0 when a1=0 in the case of S22. The input reflection coefficient, Γin, and output reflection 
coefficient, Γout, are defined as follows [93]: 
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where Zin is the input impedance at port 1 and Zout is the output impedance at port 2. In a 
symmetrical network  L 0 0 22 11 S S        . Forward and reverse voltage gain of the CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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network is found by  2
12 S and  2
21 S , respectively. Taking the logarithm of the reflection 
coefficient gives the return loss (RL) as follows [93]: 
0 log 20 RL                                                          (2-14) 
   If Zin consists of a real and imaginary part as follows, the relationship between reflection 
coefficient and impedance is shown on Smith chart [99],[100]: 
) ( jX ) ( R ) ( Zin                                                    (2-15) 
   The smith chart is shown in Fig. 2.24. Figure 2.24 shows constant resistance and reactance 
circles that the points situated on a circle have a same real impedance part value and a same 
imaginary  impedance  part  value,  respectively.  Positive  imaginary  part  of  the  impedance 
shows the capacitive behaviour of the circuit while the negative imaginary part shows the 
inductive behaviour of the circuit.   1 , 0 , 1 0      represents the short circuit, 50 Ω-resistance 
and  open  circuit,  respectively.  The  resonance  and  anti-resonance  frequencies  occur  when 
X(ω)=0 [99],[100]. When X(ω)=0 the curve crosses the x-axis. An example for the resonance 
and anti-resonance frequency of an acoustic resonator in Smith chart is given in Fig. 2.25.  
 
 
Fig. 2.24 Smith chart [100] 
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Fig. 2.25 An example of the Smith chart for the reflection parameter of the acoustic resonator [100] 
 
   One of the most popular ways for measuring S-parameters is to use the vector network 
analyzer. The vector network analyzer measures voltages in terms of magnitude and phase. 
Usually network analyzer has an output that provides the radio-frequency (RF) signal and 
three measurement channels named as R, A and B in Fig. 2.26 [93]. The RF source is set to 
sweep over a range of frequency. Channel R is a reference port while channels A and B 
measure the reflected and transmitted waves. The setup in Fig. 2.26 allows the measurement 
of S11 and S21 signals. The bias-T provides the necessary biasing conditions for the DUT. 
Before  starting  the  measurement  we  need  to  do  the  open-short-load  (OSL)  calibration 
procedure to reduce the effect of all undesired influences or parasitics.  
 
 
Fig. 2.26 The measurement system using a network analyzer [93] 
 
2.3.2.2  Measuring impedance by impedance analyzer 
   A DUT may have much greater or smaller impedance than the 50 Ω-reference impedance in 
network  analyzer  at  the  operating  frequencies.  Due  to this  issue,  inductance-capacitance-CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
 
33 
resistance (LCR) or impedance analyzer measures more accurately than network analyzer 
[101],[102]. The impedance analyzer is limited to the frequency range, as an example, HP 
4291A measures up to 2 GHz. It is also a one-port analyzer that only measures the input 
impedance of one port among multi-ports of the device [102]. The analyzer applies a time-
harmonic voltage, E, over the input port of DUT and measures the amplitude and phase of the 
current in the port. The input impedance of the port is calculated by dividing the voltage by 
the current [102]. A general impedance measurement schematic using two vector voltmeters, 
V1 and V2, is shown in Fig. 2.27. The true impedance of DUT, Zx, is calculated by measuring 
the voltages between any two points in a linear circuit as follows [101]: 
r 3
r 2
1 x V K 1
V K
K Z


                                                       (2-16) 
where Vr=V2/V1 and K1, K2 and K3 will be found by OSL calibration. 
 
 
Fig. 2.27 The general schematic for the impedance measurement [101] 
 
2.3.2.3  Lock-in amplifier measurement  
   Lock-in amplifier detects and measures very small AC signals even if the signal is obscured 
by  noise  sources  [103].  Lock-in  amplifiers  use  a  phase-sensitive  detection  technique  to 
separate the input signal at a specific reference frequency and phase from noise signals at 
frequencies  other  than  the  reference  frequency  [103].  The  block  diagram  of  a  lock-in 
amplifier  is  shown  in  Fig.  2.28  that  includes:  i)  an  AC  signal  amplifier,  ii)  a  voltage 
controlled  oscillator  (VCO)  that  synchronizes  with  an  external  reference  signal,  iii)  a 
multiplier that is called the phase sensitive detector (PSD), iv) a low-pass filter, and v) a DC 
amplifier.  If  the  input  signal  is  ) t sin( V G ) t ( V 0 0 0 ac ac     ,  where  0 V   is  the  signal CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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amplitude,  0   is the signal frequency,  0   is the signal phase, and  ac G  is the gain of AC 
signal amplifier, and the internal reference signal which is locked to the external reference 
signal is  ) t sin( V ) t ( V L L L ref     , where  L V  is the reference signal amplitude,  L   is the 
reference signal frequency, and  L   is the reference signal phase, the PSD output is calculated 
by [103],[104]: 
)) ( t ) cos(( V V G
2
1
)) ( t ) cos(( V V G
2
1
) t sin( V ) t sin( V G V
L 0 L 0 ref 0 ac
L 0 L 0 ref 0 ac
L L ref 0 0 0 ac PSD
   
   
   
   
   
  
                            (2-17) 
   If  L 0    the final DC output voltage that is proportional to the amplitude of the input 
signal is calculated by [103],[104]: 
) cos( V V G G
2
1
V L 0 L 0 ac dc output                                                   (2-18) 
where  dc G  is the gain of DC amplifier.  
 
 
Fig. 2.28 The schematic of a lock-in amplifier [104] 
 
2.3.2.4   Capacitive response of the RSG-FET   
    In capacitive detection resonator, the reflected signal from the resonator is sensed on the 
resonating  structure  or  on  the  actuation  electrode.  A  1-port  characterization  setup  is 
considered in Fig. 2.29 to evaluate the capacitive response of the RSG-FET. By connecting 
the source, drain and bulk of the MOSFET to the ground, the transistor behaves as a capacitor 
and the surface potential is considered constant in the accumulation regime and in the strong 
inversion regime. The equivalent circuit model of the RSG-FET in this setup is also shown in 
Fig.  2.29  that  is  explained  in  section  2.3.1.  The  bias-T  circuit  in  Fig.  2.29,  includes  an 
inductance which stops all AC signal towards the DC source and a capacitance to stop all DC CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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signal towards the analyzer. The analyzer injects a signal to the vibrating gate and compares 
this  signal  amplitude  with  the  reflected  signal  sensed  at  the  same  port.  Reflection  is 
calculated as [47]: 
)
V
V
log( 20 )
P
P
log( 10 S
in
refelected
in
reflected
11                                  (2-19) 
where Pin and Vin are the power and voltage of input signal respectively while Preflected and 
Vreflected denote the power and voltage of the reflected signal.  Fig. 2.30 shows the reflection 
signal versus frequency. At the mechanical resonance, the impedance of the resonator is low, 
therefore inducing a high transmission response and low reflection amplitude, as seen in Fig. 
2.30. The amplitude of the reflection peak is related to the applied DC gate voltage and the 
gap capacitance. 
 
 
Fig. 2.29 The schematic of 1-port characterization technique for the RSG-FET pure capacitive response 
(left) and its equivalent circuit model (right) [47] 
 
 
Fig. 2.30 The 1-port reflection response of the RSG-FET [47] CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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2.3.2.5  Transistor response of the RSG-FET 
   The transistor response is extracted from a two port measurement of the RSG-FET. The 
schematic of this measurement setup and the equivalent circuit model are shown in Fig. 2.31. 
The excitation signal from the analyzer is applied to the suspended-gate and the drain current 
is sensed across the analyzer output impedance.  This setup includes a FET as well as the 
electrical model of the resonator in Fig. 2.29. The resulting voltage variation across the 50 Ω-
output impedance is compared to the applied signal amplitude on the gate. The transmission 
response is then a function of the intrinsic gain of the transistor, gm, and is related to the small 
signal analysis. Transmission signal is derived by [47]: 
)
V
r V g
log( 20 )
P
P
log( 10 S
in
0 int G m
in
out
21                          (2-20) 
where Pout  is the power of the transmission signal,  VGint  is the  input  voltage to the FET 
through the CC beam and ro is the output impedance of the FET. 
  
 
Fig. 2.31 The schematic of 2-ports characterization technique for the RSG-FET transistor response (top) 
and its equivalent circuit model (bottom) [47] 
 
   The transmission signal versus frequency for the RSG-FET is shown in Fig. 2.32 that is set 
by a series and a parallel resonance. The circuit behaves like a simple capacitor at frequencies 
below  fr  and  like  an  inductor  between  fr  and  fa.  After  fa  the  impedance  decreases  with 
frequency, indicating typical capacitor behaviour again. In Fig. 2.33 (a), by increasing the 
gate voltage, Cx increases while Cgap increases. Respect to eq. (2-8), the resonance frequency CHAPTER 2 Introduction to hybrid NEMS-IC devices and modern biosensors 
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decreases  due  to  the  reduction  of  Cx  for  higher  gate  voltages  while  the  anti-resonance 
frequency is constant because the ratio of Cx/Cgap in eq. (2-9) is not changing by increasing 
the gate voltage. The magnitude of the transmission signal is directly related to the gain of the 
transistor and increases for a larger gate voltage. Figure 2.33 (b) shows the effect of reducing 
the gap on the transmission response. The resonance frequency is constant by decreasing the 
gap  but  the  anti-resonance  frequency  increases  for  smaller  gaps  and  the  reason  for  this 
behaviour is not explained in [47]. The transmission response amplitude strongly depends on 
Rx  and  Rx  is  proportional  to  the  gap.  For  smaller  gap,  the  smaller  Rx  results  in  larger 
amplitude response.  
 
 
Fig. 2.32 The transmission parameter versus frequency [47] 
 
    
                                                     (a)                                                                         (b) 
Fig. 2.33 The 2-port transmission response of the RSG-FET [47]:  
(a) The effect of increasing the gate voltage for the gap=50 nm and (b) the effect of reducing the gap on  
the transmission response of the RSG-FET 
 
2.3.2.6  Practical characterization of the resonant devices 
   Impedance and network analyzer are two methods for characterizing the RSG-FET [47]. It 
is  easier  to  detect  the  resonant  response  using  impedance  analyzer.  The  Agilent  4294A 
impedance analyzer is suitable for impedance measurement comprised between 1 mΩ to 100 
MΩ,  at  a  frequency  ranging  from  40  Hz  to  110  MHz.  A  four-terminal  pair  cable 
fr 
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configuration was used for the impedance analyzer as shown in Fig. 2.34 (a). As the second 
method, network analyzer measurements are used to obtain the transmission and reflection 
signals. For the transmission setup in Fig. 2.34 (b) ground-signal-ground (GSG) RF probes 
are used that are connected to a network analyzer HP8753D. The analyzer is suitable for 
frequency  measurement  between  30  kHz  and  3  GHz.  Polarization  voltages  are  set  with 
external voltage source connected to the network analyzer by its internal bias-T. The gate and 
drain are respectively connected to the output and input of the analyzer. 
   The alternative technique for measuring the resonance frequency of resonant devices is the 
lock-in measurement technique [96-98]. S. T. Bartsch et. al [96] used the lock-in amplifier 
setup for the characterization of a resonant body FinFET (RB-FinFET) in Fig. 2.35 (a). The 
RB-FinFET has a vibrating channel that is controlled by two side gates. The lock-in amplifier 
measurement setup for RB-FinFET is shown in Fig. 2.35 (b). In this setup an RF signal with 
the frequency of       is applied to the drain while applying another RF signal with the 
frequency of    to the side gate. The output low-frequency signal from the FET and the 
provided  reference  signal  are  applied  to  the  lock-in  amplifier  for  the  extraction  of  the 
resonant frequency as was explained in section 2.3.2.3.  
 
   
                                        (a)                                                                                       (b) 
Fig. 2.34 The measurement setup for the RSG-FET [47]: (a) The impedance analyzer setup and  
(b) the network analyzer setup 
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                                     (a)                                                                 (b) 
Fig. 2.35 (a) The RB-FinFET and (b) its lock-in amplifier measurement setup [96] 
 
2.4  Summary 
   In this chapter, the available NEM-IC devices that work as switches, memories or sensors 
were presented and the sensing application particularly for biosensing was chosen for the 
developed IP R-NEM sensor. The available biosensors were classified into different types 
and their performance factors including the detection limit were discussed. The IP R-NEM 
sensor  uses  the  mass-detection  technique  for  its  sensing  and  was  compared  to  the 
commercialized QCM biosensor that has the same sensing technique. The similar operation 
of the RSG-FET to the IP R-NEM sensor makes it a good example for further investigation 
on  the  operation  of  the  IP  R-NEM  sensor.  For  this  reason,  the  electrical  and  electro-
mechanical  modelling  of  the  CC  RSG-FET  with  the  out-of-plane  movement  for  the 
suspended gate were studied. Network and impedance analyzer as well as lock-in amplifier 
are the available measurement instruments for the characterization of high frequency devices.  
The capacitive and transistor responses of the RSG-FET and its practical characterization in 
the network and impedance analyzer setups as well as the lock-in measurement setup for the 
RB-FinFET were explained. Similar measurement setup for the RSG-FET will be used for 
the IP R-NEM sensor in future.   
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CHAPTER 3 
In-plane resonant NEM sensor:  
Design and simulation 
 
 
   This chapter describes the design and simulation methodologies developed for the newly in-
plane resonant nano-electro-mechanical (IP R-NEM) sensor. This sensor features an in-plane 
metal-oxide-semiconductor  field-effect-transistor  (MOSFET)  integrated  with  a  suspended 
gate that moves in-plane and works as a mass-detection based sensor for the biological and 
chemical detections. In the beginning, the fundamental characteristics for the NEM structure 
that includes a clamped-clamped (CC) beam and two side electrodes are investigated at the 
physical-level.  These  characteristics  include  the  resonance  frequency,  pull-in  voltage  and 
quality factor. Different sources of damping that affect the quality factor of the resonator are 
investigated both analytically and numerically. A new design is then introduced for the NEM 
structure using a free-free (FF) beam that improves the quality factor of the resonator. Hybrid 
circuit analysis of the IP R-NEM sensor is done afterwards for characterizing the sensor fully, 
and a complete investigation is conducted on the effect of the different parameters such as the 
gap and gate voltage on the resonance frequency of the sensor. The mass responsivity of the 
sensor is evaluated by modelling the functionalization and detection processes then followed 
by presenting the scaling rules for key structure parameters. The limit of detection (LOD) for 
the  sensor  is  calculated  and  a  comparison  of  the  detection  ability  with  other  available 
biosensors is made. 
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3.1  Mass-detection based NEM structure and  
IP R-NEM sensor  
   The NEM structure consists of a suspended CC beam and two side electrodes (Fig. 3.1 (a)). 
The CC beam is excited by using the applied AC voltage. When the frequency of the AC 
voltage source is equal to the resonance  frequency of the beam,  it starts resonating. The 
suspended CC beam is the sensing head of the NEM structure in which the variation of the 
resonance frequency, ∆f, is detected depending on the mass variation of the beam due to the 
chemical or biological species adsorption on its surface, ∆mba. In order to make the surface of 
the CC beam sensitive to the target molecules of interest, we need to functionalize the surface 
by using various self-assembled linker molecules that react with the target molecules. After 
the functionalization process, the target molecules are introduced on the beam in a liquid or 
gas phase during the detection process. More details on the functionalization and detection 
processes are given later. The adsorbed linker and target molecules on the surface of the CC 
beam change the primary resonance  frequency of the CC beam due to ∆mba. In order to 
amplify ∆f  after the molecules are adsorbed onto the surface of the suspended beam, the 
beam is integrated with a MOSFET as shown in Fig. 3.1 (b) and named IP R-NEM sensor. In 
this structure, the suspended beam plays the role of the gate for the MOSFET that moves in-
plane and induces a channel in the MOSFET. After the molecules are adsorbed onto the 
surface  of  the  resonant  beam  during  the  functionalization  and  detection  processes,  the 
resonance frequency of the beam changes and consequently causes variation in the MOSFET 
current. 
 
    
                                          (a)                                                                              (b) 
Fig. 3.1 The simulated mass-detection based devices: (a) The NEM structure and  
(b) the IP R-NEM sensor 
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   The fabrication process of the NEM structure and the IP R-NEM sensor are based on the 
silicon-on-insulator (SOI) technology in which the SOI layer is thinned down to 50 nm. The 
simplified fabrication process for the NEM structure is shown in Fig. 3.2. The CC beam and 
double side electrodes are patterned using electron beam (EB) lithography and the following 
reactive ion etching (RIE) on a heavily-doped SOI layer (Fig. 3.2 (a)) as shown in Fig. 3.2 
(b). An oxide layer is then deposited on the patterned SOI layer in order to pattern contact 
holes above silicon pads later (Fig. 3.2 (c)). Contact holes (Fig. 3.2 (d)) are considered in the 
fabrication process to make the process more compatible with the regular MOSFET process 
technology and avoid the leakage current from the later deposited metal layer to the substrate. 
A metal layer is deposited for patterning the interconnections and contact pads in Fig. 3.2 (e). 
Figure 3.2 (f) shows the patterned metal layer using metal etchant. The buried oxide layer 
(BOX) will act as the sacrificial layer that will be removed for the suspension of the beam. 
The  final  structure  is  shown  in  Fig.  3.2  (g).  Further  details  on  the  complete  fabrication 
process for the NEM structure and IP R-NEM sensor are given later. The analytical values for 
the key parameters of the NEM structure are explained and calculated later. 
 
 
                                        (a)                                           (b)                                           (c) 
 
                                        (d)                                           (e)                                            (f)                                         
 
(g) 
Fig. 3.2 The fabrication process of the NEM structure: (a) A heavily-doped SOI layer, (b) the patterned 
SOI layer using EB and the following RIE step, (c) the deposited oxide layer on the patterned SOI layer, 
(d) the patterned contact holes above silicon pads, (e) the deposited aluminium layer on the patterned 
oxide layer, (f) the patterned aluminium layer using wet etching and (g) the NEM structure after the 
suspension of the beam CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
 
 
44 
3.2  Key characteristics for the NEM structure 
   The  mechanical  resonance  frequency  of  the  nth  mode  of  the  CC  beam  for  the  lateral 
displacement is given using the following equation [105-110]: 
2
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w E
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f


                                                       (3-1) 
where  n   is the mode constant, E is Young’s modulus,   is density, and, w, and, l, the width 
and  length  of  the  beam,  respectively,  mb,  the  effective  mass  of  the  beam  and,  kbm,  the 
mechanical  spring  stiffness  of  the  beam.  Using  n  for  the  first  mode,  0  , the  resonance 
frequency of the first mode, f0, is calculated as [105-110]: 
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where mb is given by [111]: 
wlt 735 . 0 mb                                                            (3-3) 
where t is the thickness of the beam. By using eq. (3-2), kbm is calculated as follows: 
3
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l
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( Et 78 . 30 k                                                       (3-4) 
   For biasing the beam, a DC voltage was applied to the beam, Vdc, and an AC voltage, Vac, 
was applied to the side electrode in Fig. 3.1 (a).  More details on the applied voltages are 
provided later. The induced electro-static force in eq. (2-2) due to the applied voltages causes 
the electrical spring stiffness, kbe, that is added to the mechanical spring stiffness and gives 
the effective spring stiffness, kb: 
be bm b k k k                                                           (3-5) 
kbe is calculated by [92],[108],[112]: 
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where ε0 is the air permittivity, g, the gap between the beam and electrodes, and, A, the beam 
area and is equal to l×t. As a result, the resonance frequency is calculated as follows: CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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   The pull-in effect, that is an important issue to design NEM/MEM structures, occurs when 
the beam passed approximately two-thirds of the gap in the parallel-plate model.  The pull-in 
voltage, Vp, for this model is calculated as [48],[113]: 
A / g k 54 . 0 V 0
3
b p                                                     (3-8) 
   In order to operate the NEM sensor with a safe margin, Vdc was chosen to be well below Vp 
and assumed that kb≈kbm and consequently fr≈f0. Considering the equivalent circuit model for 
the NEM structure in Fig. 2.21, Cgap0 is derived using eq. (2-6) considering d0=g, y=0 and 
A=l×t and the inductor, Lx, the capacitor, Cx, and the resistor, Rx are calculated as following 
[46]: 
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where the damping factor,  , and   are calculated by [47]: 
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where QTotal is the total quality factor that is discussed in the next section. 
 
3.3  Damping sources for resonators  
   Energy is dissipated from the resonator in different damping mechanisms. QTotal is defined 
as the ratio of the total energy stored in the system, WTotal, to the energy dissipated or lost per 
cycle of vibration, ΔWLoss [114]: CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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Qtotal consists of several individual Q-factors as following [114]: 
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   The normal mode of vibration of an elastic resonator (an acoustic mode) faces damping due 
to its interaction with the ambient (liquid or gas), crystallographic defects, elastic waves and 
phonons.  In  general,  the  energy  in  the  resonator  is  dissipated  via  the  ambient,  QAir  (gas 
damping),  through  the  anchors,  QAnchor  (anchor  damping  or  loss)  and  its  material  itself, 
QStructural=QMaterial+QThermoelastic (material loss and thermoelastic damping) [114]. By scaling 
the resonator from the micro to the nano-scale and use of the vacuum as the working medium 
for the resonator, it seems that the thermoelastic and support loss play the dominant role in 
the damping sources that are later discussed [115-117]. It is important to note that, the Q-
factor significantly decreases with size even when the resonators are made from the pure 
single-crystal materials and working in the vacuum and low temperature environments. Due 
to  this  reason,  it  is  necessary  to  study  the  Q-factor  precisely  in  nano-scale  resonators. 
Individual Q-factors of a resonator are studied in next sections. 
 
3.3.1  Gas damping 
   When a beam is moving in a fluid or gas, it collides with molecules of the fluid or gas and 
transfers some of its energy to them. When the beam moves perpendicular to a parallel plate 
with a small gap between them, it pushes the gas out of the gap and causes a damping force. 
Moreover, it compresses the gas in the gap and causes a spring force. The damping force is 
proportional to the gas damping factor, b, which is calculated as following [118],[119]: 
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where µ is the viscosity of the medium around the beam. The spring force is proportional to 
the spring factor, c, which is defined as follows [119]: 
c b
1
c

                                                                (3-17) 
ωc is the cut off frequency of the beam that is calculated by [119]: CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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where P0 is the operating pressure. When the resonance frequency of the beam is larger than 
the cut off frequency, the spring force is more important than the damping force. The air 
mean-free path, λatm, at the atmosphere pressure, Patm=101325 Pa, is 68 nm. When this value 
is larger than the gap, the viscosity is not independent of pressure and is defined as following 
in respect to the Reynolds equation [120]: 
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where µ0 is the air viscosity and Kn is the Knudsen number that is calculated by [119]: 
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where λ0 is the air mean-free path at the operating pressure and λn is the air mean-free path at 
a known pressure, Pn. The quality factor due to the gas damping, QAir, is calculated by [121]: 
b
m k
Q b b
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3.3.2  Thermoelastic damping 
   When the resonator is in motion, it is taken out of the equilibrium and has excess energy. 
The movement of the resonator results in the strain gradient in the structure and consequently 
a temperature gradient. As the resonator tries to relax back to the equilibrium, the energy is 
dissipated within the irreversible heat flow. This damping basically shows the interaction of 
the  normal  mode  of  vibration  of  a  resonator  with  the  thermally-excited  phonons.  Two 
regimes for these thermal phonons are considered: Diffusive and ballistic regimes [116]. In 
the diffusive regime, the mean free path of the thermal phonon, lT, is much smaller than the 
wavelength of the acoustic mode (dimensions of the resonator) and there is no need to treat 
them as individual excitations. In this regime, changes of length are related to changes of 
temperature with the material’s thermal expansion coefficient, , that defines the resonator 
mode and thermal phonons interaction. When lT becomes much larger than the dimensions of 
the  resonator, the  regime  becomes  ballistic.  In  this  regime  the  phonon-phonon  scattering 
(Akheizer  effect),  ballistic  transport  of  phonons  between  hot  (the  part  of  resonator  in CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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compression)  and  cold  (the  part  in  tension)  parts  of  the  resonator  and  the  interaction  of 
thermal and acoustic phonons are important. The material’s thermal expansion coefficient is 
not valid in this regime.  
   In a resonator, there are torsional, flexural and longitudinal modes. The torsional mode has 
no local volume changes in the resonator and will not experience thermoelastic loss. In the 
longitudinal  mode,  we  only  have  dissipation  with  a  fixed  peak  that  depends  on  the 
thermodynamic properties of the material as a function of temperature and does not change 
due to the scaling. The flexural mode is an important mode in resonators that was studied 
primarily by Zener [115]. He showed the damping behaviour of the anelastic thin beam in 
low order of flexural modes. The thermoelastic behaviour in the diffusive regime is defined 
by a single relaxation peak with a characteristic relaxation time, τ, that is proportional to w
2/χ. 
χ is the solid’s thermal diffusivity. When the frequency of the resonator is much larger or 
smaller than τ, the system has small energy dissipation. In some papers they have tried to 
expand  this  formula  for  more  general  shapes  of  resonators  except  for  beams  or  thin 
structures. In the ballistic regime τ is proportional to w/ν where ν is the phonon velocity. 
Later, R. Liftshitz et. al [115] showed that for the flexural mode even in the diffusive regime, 
the  thermoelastic  damping  in  silicon was  playing  an  important  role  down  to  nano-metre 
scales in the temperatures above 100 K. The inverse quality factor due to the thermoelastic 
damping,  1
tic Thermoelas Q   , is calculated by [115]: 
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where  is the thermal expansion, T is the operating temperature and C is the heat capacity 
of the beam. ξ is defined by [115]: 
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3.3.3  Anchor damping 
   Each  resonator  is  fixed  to  the  surrounding  structure  and  this  provides  a  path  for  the 
radiation or vibrational energy to dissipate from the resonator. The quality factor due to the 
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where  is the Poisson’s ratio, Xn is the shape factor for a CC beam, where n shows the mode 
number of the resonator. This damping can be reduced by properly designing of the resonator 
so that it has a symmetrical vibration and a fixed centre of mass. G. Stemme [122] showed 
that an unbalanced resonator vibration yield energy losses at the mounts. In order to have a 
balanced resonator, it should have a fixed centre of gravity and sum of forces and moments 
due to vibration should be zero. An example for a balanced resonator is shown in Fig. 3.3. 
 
 
Fig. 3.3 A balanced resonator [122] 
 
   There are two places in the vibrating elements that do not have translational motion and are 
known as nodal points. The vibrating element is not suspending at the ends but at the nodal 
points so that we can use a few support elements at these points that allows minimal coupling 
and results in reduced energy dissipation through the anchors [114]. W. -T. Hsu et. al [123] 
studied a free-free beam micro-mechanical resonator (Fig. 3.4) that has the Q-factor greater 
than 10000. They showed that by using the support beams on opposite sides and placing them 
in the nodes of the FF beam, the energy loss was suppressed. Support beams vibrate in their 
second modes. Based on this structure, the resonance frequency and Q-factor were found to 
be sensitive to the length of the support beams.  
 
 
Fig. 3.4 The FF resonator [123] CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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   G. D. Cole et. al [117] explained the reduction in anchor loss using the FF beam based on 
the “phonon-tunnelling”. They showed that anchor loss was becoming a dominant source of 
damping even in nano-scale resonators as the other damping sources could be reduced in low 
temperature  and  high  vacuum.  The  phonon-tunnelling  is  explained  as  follows:  The 
mechanical resonance is regarded as a phonon cavity that is coupled weakly to the exterior by 
a hopping process where the elastic energy leaks out of the resonator through the anchors 
[117]. They used the FF beam as an ideal platform to measure the phonon-tunnelling. They 
stated that the phonon tunnelling was reduced in the FF beam and the Q-factor was increased 
from 10
3 in CC beam to 5.1×10
4. By changing the place of the support beams and keeping the 
frequencies and surface-to-volume ratios of the resonators, they proved that this anchor loss 
was independent of scaling with a strong geometric dependency of the beam that was present 
in any suspended structure.  The anchor loss in this structure is proportional to the radiated 
energy from support beams and is scaled like the squared deflection of contacts of the support 
beams with the main beam [124]. The quality factor due to phonon-tunnelling anchor loss, 
QAnchor-phonon, for a CC beam that has an in-plane movement in its first mode, is calculated by 
[124]: 
4 2 4
5
phonon Anchor
tw
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                                  (3-25) 
 
3.3.4  Analytical values of damping sources for the NEM 
structure 
   This thesis assumes the resonator works at the atmosphere and at the temperature of 300 K. 
The QTotal was calculated based on the three important damping sources (air, anchor and 
thermoelastic damping) that were explained in the previous sections. The QAnchor-phonon was 
not considered for the calculation of QTotal as this factor is a few orders of magnitude larger 
than other quality factors. The parameters used for the calculation of QTotal are given in Table 
3.1 and the calculated analytical parameters and quality factors are given in Table 3.2. As 
shown  in  Table  3.2,  first  the  air  and  then  the  anchor  dampings  are  smaller  than  the 
thermoelastic damping and put a limit on the QTotal.  
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Table 3.1 Parameters used for calculations of the NEM structure 
 
Dimensions  Silicon properties  Air properties  Other parameters 
t=100 nm 
w=50 nm 
l=1 µm 
g=50 nm 
E=130.18 GPa 
ρ=2331 kg/m
3 
 =2.616×10
-6 1/K 
C=700 J/kgK 
χ=0.86 cm
2/s 
=0.33 
0  =8.85×10
-12 F/m 
µ0=1.86×10
-5 kg/(m.s)  
Pn=P0=Patm=101325 Pa 
λn=λ0=λatm=68 nm 
T0=300 K 
0  =1.5056  
Χ0=-0.983  
 
 
Table 3.2 Analytical values for the NEM structure 
 
Key quantities  Quality factors 
f0=384.95 MHz 
mb=8.56 fg 
kbm=50.08 N/m 
Vp=45.41 V 
Cgap0=17.7 aF 
Lx=33.12 mH 
Cx=5.15 aF 
Rx=54.68 kΩ 
η=1.6×10
-8 (V.F)/m 
ωc=16.54 GHz 
µ= 1.259×10
-6 kg/(m.s)  
b=9.926×10
-12 (N.s)/m  
α=1.4×10
-11 (N.s)/m 
QAir=2085.90 
QThermoelastic=868351.56 
QAnchor=4998.47 
QTotal=1469.24 
QAnchor-phonon=18961274.91 
 
3.4  Three-dimensional finite-element-method (3D FEM) 
analysis for the NEM structure   
   CoventoreWare software (see Appendix A.1) [125] was used for modelling the mechanical 
and  electrical  parts  of  the  NEM  structure.  For  modelling  the  NEM  structure  using  the 
Designer, the metal contact pads were ignored as the side electrodes were heavily-doped 
silicon and a voltage could be applied to them directly. The preliminary dimensions for the 
modelled structure in Fig. 3.1 (a) were derived in a way that the highest displacement was 
gained  by  applying  a  specific  pressure  load  to the  beam  or  a  voltage  to  side  electrodes. 
Moreover, using these dimensions the in-plane movement for the dominant mode was gained. 
The  effect  of  using  different  dimensions  for  the  beam  on  its  in-plane  displacement  and 
resonance frequency are shown in Appendix A.2. The mesh size for simulating the structure 
is 20  nm which  is an optimized size to gain  both speed and accuracy of the simulation. 
Different analyses are done for the NEM structure in next sections.  
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3.4.1  Mechanical analysis for the NEM structure   
   The mechanical analysis was done using the Analyzer to understand the stress distribution 
of the structure in the presence of an applied pressure load. A pressure load equal to 10 MPa 
was applied to one side of the beam and the corresponding von Mises stress distribution and 
displacement magnitude are shown in Figs. 3.5 (a) and 3.5 (b), respectively. Von Mises stress 
is a scalar stress value that is computed from the stress tensor. The central point of the beam 
has the largest displacement and clamped ends of the beam show the maximum Mises stress. 
In this simulation, the modal analysis was done by removing the applied pressure load. The 
modal analysis was used to verify that the suspended beam had an in-plane movement in the 
dominant mode. Three modes of the modal analysis are shown in Fig. 3.6 and their resonance 
frequencies are shown in Table 3.3. The modal analysis for the suspended beam was done in 
the absence of any type of external applied force and because of this the shown displacement 
in Fig. 3.6 is zero for all modes. The first mode shows the beam movement in y direction and 
is equal to 432.47 MHz. The frequency of the first mode was considered as the resonance 
frequency of the beam. 
 
        
                                            (a)                                                                        (b) 
Fig. 3.5 (a) Von Mises stress distribution and (b) the displacement magnitude of the NEM structure in the 
presence of 10 MPa pressure load 
 
       
                     First Mode                                                 Second Mode                                    Third Mode 
Fig. 3.6  The modal analysis for the suspended beam of the NEM structure CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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Table 3.3 The resonance frequencies of the first three modes of the NEM structure 
 
Mode no.  Frequency (MHz) 
1 
2 
3  
432.477 
833.559 
1161.55 
 
   Harmonic analysis was also done as a part of the mechanical analysis. In this analysis a 
sinusoidal pressure load with the magnitude of 1 kPa was applied to the side of the beam by 
considering a range of frequency. The full movement of the suspended beam in this analysis 
is shown in Fig. 3.7. The magnitude and phase of the in-plane displacement versus frequency 
are  shown  in  Figs.  3.8  (a)  and  3.8  (b),  respectively.  When  the  frequency  of  the  applied 
pressure is equal to the resonance frequency of the beam, it resonates and shows a large peak 
for the displacement at the resonance frequency as shown in Fig. 3.8 (a). Figure 3.8 (b) shows 
also a change of 180 deg for the displacement of the beam at the resonance frequency.  
 
 
Fig. 3.7 The lateral displacement of the suspended beam in the presence of a sinusoidal pressure load 
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                             (a)                                                                                 (b) 
Fig. 3.8 (a) The magnitude and (b) phase of in-plane displacement of the suspended beam versus 
frequency in the presence of a sinusoidal pressure load CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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3.4.2  Electro-mechanical analysis for the NEM structure   
   In the electro-mechanical analysis, a DC voltage was applied instead of the applied pressure 
load in the mechanical analysis. The stress distribution was then investigated in the presence 
of electro-static force using this method. For this structure the “detect pull-in” analysis was 
chosen in order to obtain the pull-in voltage. A range of constant voltage 0-60 V was applied 
to one of the electrodes to measure the pull-in voltage. The present beam design results in the 
pull-in voltage of 56.95 V as shown in the displacement versus voltage characteristics in Fig. 
3.9. Figure 3.9 shows a good compatibility between the simulated pull-in voltage and the 
analytical value in Table 3.2. The pull-in happens when the displacement is about half of the 
gap due to the fact that the displacement of the central point is significant for the CC beam.  
In order to operate the NEM structure within a safe margin, the operating voltage was chosen 
to be well below the pull-in voltage.  
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Fig. 3.9  The lateral displacement of the suspended beam versus voltage 
 
3.4.3  Numerical values of damping sources for the NEM 
structure 
   CoventorWare has the capability of simulating the air, anchor and thermoelastic damping 
for the resonator using the mechanical analysis. The derived numerical values generated by 
the software are shown in Table 3.4. An infinite substrate was defined for the beam in order 
to simulate the anchor damping and avoid the reflection from the substrate back into the 
resonator. Considering a BOX layer for the substrate affects this assumption and causes a 
difference between the analytical and numerical values for the QAnchor. The software uses 
slightly  different  parameters  for  silicon  and  air  as  well  as  using  Zener  model  for  the 
Pull-In 
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thermoelastic simulation that causes difference between the analytical and numerical values 
for the QAir and QThermoelastic. 
 
Table 3.4 Numerical values for the NEM structure 
Key quantities  Quality factors 
f0=432.47 MHz 
b=9.075x10
-12 (N.s)/m 
Vp=56.95 V  
QAir=2563.08 
QThermoelastic=680632.73 
QAnchor=3153.67 
QTotal=1411 
 
3.4.4  The alternative FF beam for the NEM structure 
   As explained in section 3.3.4, the anchor damping after the air damping will put a limit on 
the quality factor of the sensor. The air damping is reduced by using vacuum as the operating 
medium for the beam, but the anchor loss cannot be avoided until there is optimization of the 
design for the resonator. Using a FF beam for the resonator is a suitable candidate that may 
reduce the anchor damping [126]. The designed FF NEM structure is shown in Fig. 3.10 (a). 
Four support beams are connected to the sides of the main beam. There are two nodes in the 
main beam that experience zero-displacement. Each pair of support beams will be connected 
to the  sides  of  the  main  beam  in  these  zero-displacement  nodes.  The  support  beams  are 
designed to vibrate in the second vibration mode of the FF beam. The vibration mode of the 
structure  is  shown  in  the  inset  to  Fig.  3.10  (a).  The  width  of  the  support  beams,  ws,  is 
extracted from [123] and the length of the support beams, ls, is calculated as follows: 
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   The anchor damping of the structure is changed by changing the position of the support 
beams and minimized at a specific position along the main beam. Figure 3.10 (b) shows the 
anchor dissipation versus the distance of the support beams from the centre of the main beam. 
The same dimensions as the suspended beam in Fig. 3.1 (a) were used for the main beam. 
The dimensions of the support beams and the electrodes are given in Table 3.5. As shown in 
Fig. 3.10 (b), by positioning the support beams 300 nm away from the centre of the main 
beam, the anchor damping or dissipation is minimum and almost zero. Numerical value of 
quality factors for the NEM structure with the designed FF beam positioned at 300 nm away 
from the centre of the main beam, are shown in Table 3.5. Table 3.5 shows that using the FF 
beam for the NEM structure, the QAnchor was improved about four orders of magnitude and it CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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did not limit the QTotal of the structure. Furthermore, the QThermoelastic is reduced by using low 
operating  temperature.  Even  if  the  resonator  works  in  the  atmosphere  and  at  room 
temperature, the QTotal was larger for the designed FF NEM structure than that of the CC 
NEM structure.  
 
 
(a) 
 
(b) 
Fig. 3.10 (a) The FF NEM structure and (b) the anchor dissipation of the structure versus the distance of 
support beams from the centre of the main beam CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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Table 3.5 Parameters used and numerical values for the FF NEM structure 
(support beam position= 300 nm) 
Dimensions for 
the support beams 
Dimension of the 
side electrode 
Key quantities 
 
Quality factors 
ws=30 nm 
ls=1.178 µm 
le=400 nm  f0=368.75 MHz 
b=3.5632x10
-12 (N.s)/m 
QAir=8348.71 
QThermoelastic=1462838.84 
QAnchor=10535972.28 
QTotal=8294.79 
 
3.4.5  Impacts of surface modification on the resonance 
frequency of the NEM structure 
   In order to detect biological and chemical molecules, the surface of the suspended beam 
will be functionalized by using various self-assembled monolayer (SAM) linker molecules. 
For example, the silane couplers such as Amino-propyltrimethoxysilane (APTES) are used to 
convert the silanol groups of the native oxide to active amino groups. The other method is to 
make the H-terminated silicon surface active for sensing by using alkenes or alkyne-based 
molecules.  Most likely the distribution of linker molecules on the surface will be conformal 
while the target molecules may adsorb sparsely onto the linker molecules. Figure 3.11 shows 
a schematic view of the linker and adsorbed target molecules to the surface. The sensing 
process consists of two steps of functionalization and detection processes. 
 
 
 
Fig. 3.11 A schematic view of the linker and adsorbed target molecules to the surface 
 
3.4.5.1  Modelling of the functionalization process 
   In the present simulations, such self-assembled linker molecules on the silicon beam surface 
are modelled simply by adding an extra surface coating layer onto the suspended beam as CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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linker molecules are coated on the surface homogeneously. The surface coating layer was 
introduced in Designer [125], by using various insulator/polymer materials. In practice, the 
surface functionalization processes are performed either in liquid or in vapor and may result 
in different surface coating configurations. The three coating configurations are studied: Top-
and-bottom (TB), only top (OT) and all-around (AA) coating.  
   With the TB configuration, two surface layers with the same thickness are considered on 
the top and bottom of the beam. The TB configuration is shown schematically in Fig. 3.12 
(a). This configuration may be suitable to describe the coating in liquid as it is unlikely that 
molecular solution flows through the nano-scale gap between the suspended beam and the 
electrodes as freely as above and under the beam. The OT configuration is considered in Fig. 
3.12 (b) as the molecular solution does not flow under the beam when the bottom air gap is 
also narrow. If both the side and bottom gaps are designed to be wide enough, all the surfaces 
maybe coated equally as shown in Fig. 3.12 (c). This is also the likely case for the coating in 
vapor as the vapor flow can go through narrow gaps more easily than the liquid flow.  
 
 
                                                   (a)               (b)                   (c) 
Fig. 3.12 The coating configurations: (a) Top-and-bottom (TB) (b) only top (OT) and (c) all-around (AA) 
 
   With the TB configuration, three parallel  springs should  be considered to calculate the 
mechanical spring stiffness of the coated beam analytically. For this reason both ends of the 
coating layers were clamped similar to the clamped ends of the beam. The total mechanical 
spring stiffness, kbm-TB, is: 
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where, Ec, is the young’s modulus of the coating layer, ttop, and, tbottom, the thickness of top 
and bottom layers (ttop=tbottom). The calculated mass for the beam with the TB configuration 
is: 
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l ) t t ( w 735 . 0 m m bottom top c b TB b                                   (3-28) 
where, 
c  , is the density of the coating layer. Eqs. (3-27) and (3-28) are used for the OT 
considering tbottom=0. For the analytical study of the total mechanical spring stiffness, kbm-AA, 
of  the  AA  configuration,  two  parallel  springs  were  used  considering  the  assumption  of 
anchored ends of the coating layer similar to the TB configuration. kbm-AA is calculated by: 
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where, ta, and, wa, are the thickness and width of the beam after adding the coating layer, 
respectively. The calculated mass for the beam for the AA configuration is: 
) wt t w ( l 735 . 0 m m a a c b AA b                        (3-30) 
   A previous study [127],[128] on a micro-resonator showed that the deposition of coating 
materials over a resonating beam affects not only the mass but also the mechanical spring 
stiffness that results in a change in the resonance frequency both toward higher or lower 
frequencies with respect to the resonator structural materials. The effect of adding surface 
coating on the resonance frequency due to changes in both mass and spring stiffness of the 
beam was studied first analytically and then using numerical simulation. Eqs. (3-27)-(3-30) 
indicate both spring stiffness and mass increase by increasing the thickness of the coating 
layer. The changing rates of mass, (Δmbl/mb), and mechanical spring stiffness, (Δkbml/kbm), 
depend on the configuration of the coating layer. Here, Δmbl and Δkbml are changes of the 
mass and spring stiffness due to linker molecules. For example for a 1 nm-thick coating layer 
in the TB configuration, the mass of the beam changes by 1.75% while the spring stiffness 
changes  by 1.07%. According to eq. (3-2), a larger change  in the  mass  leads to a lower 
resonance frequency after adding the coating layer. Due to a 0.81% change in the mass and a 
0.51% change in the spring stiffness for the 1 nm-coating layer in the OT configuration, the 
resonance frequency decreases. On the other hand, for the AA configuration, a 5.60% change 
in mass and a 7.90% change in spring stiffness result in a resonance frequency larger than 
that for an un-coated beam. In conclusion, the coating layer on the side surfaces of the beam, 
which  is  in  the  direction  of  the  beam  displacement,  affects  the  spring  stiffness  more 
significantly than its mass. This effect is also validated using the simulation later on in Fig. 
3.14. 
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3.4.5.2  Modelling of the detection process 
   The linker molecules in the previous section were modelled as a uniform coating layer 
because it is expected the homogenous and dense SAM layer is formed on the beam surface 
after  the  functionalization  process.  In  contrast,  the  adsorption  of  target  molecules  to  the 
functionalized surface is random and sparse as shown in Fig. 3.11. The sparse adsorption of 
target molecules changes the effective mass of the beam without much affecting the spring 
stiffness of the beam. In order to model the random distribution of target molecules, simply 
the density of the modelled coating layers with various configurations increased only rather 
than introducing random target molecules explicitly. This method allows us to only study the 
impact of the mass increase due to adsorbed target molecules on the resonance frequency.  
 
3.5  3D FEM and hybrid circuit analysis for the IP R-
NEM sensor 
   The  modelling  of  linker  and  target  molecules  for  the  functionalization  and  detection 
processes described in sections 3.4.5.1 and 3.4.5.2 were then introduced into the 3D FEM 
analysis to simulate the impact of different functionalization schemes and evaluate the mass 
responsivity of the IP R-NEM sensor for the detection process. For the present 3D FEM 
simulation, it was assumed that the both ends of the coating layer were not anchored. This 
assumption may cause some differences with the results of the analytical calculations, which 
assumed the coating layer was also doubly clamped. In reality, it does depend on the details 
of the surface coating of the resonator at the clamping points whether or not the non-anchored 
model is more appropriate. The thickness of the added layers for the functionalization process 
was varied in 3D FEM analysis to see its effect on the resonance frequency. As the other part 
of 3D FEM analysis, the density of the coating layer was varied to model the sparse target 
molecules in the detection process. Further details on the simulation results of the 3D FEM 
analyses are given in the next section.  
   After conducting the 3D FEM analysis of the NEM structure, a hybrid NEM-MOS circuit 
model was prepared using  Architect [125] to analyze the complete IP R-NEM sensor as 
shown in Fig. 3.1 (b). Figure 3.13 (a) shows the beam and side electrode components that 
exist in the Architect library and are used for the circuit model of the sensor. Figure 3.13 (b) 
shows the  hybrid circuit  model  for the IP RNEM sensor, which consists of a NEM part 
including the electrodes and a suspended beam and a MOSFET detection part. The suspended CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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beam  was  modelled  by  using  two  central  beam  components  and  two  extra  side  beam 
components. Two central beam components were used in order to define the node at the 
centre and measure the displacement, y, as shown Fig. 3.13 (b). The length of the side beam 
components are set in order to keep the design similar to the Designer modelling in section 
3.4.1. A DC voltage was applied to the beam, Vdc, for biasing and an AC voltage, Vac, was 
applied to the electrode. The amplitude of Vac is smaller than Vdc and its frequency is equal to 
the  mechanical  resonance  frequency  of  the  suspended  beam.  The  output  AC  voltage  is 
defined at the node shown by out in Fig. 3.13 (b). The mechanical part is connected to the 
electrical part using resistances. R1 was used to model the resistance of the gate but R2 was 
applied  to  connect  the  mechanical  and  electrical  parts  without  receiving  any  error  from 
software. The value of R1 and R2 were set to 10 MΩ but later the R2 value was reduced to the 
smallest value as possible, so as the resonance behaviour of the sensor could be still valid for 
the small values of R2. The n-MOSFET has the 1 μm-channel length same as the length of the 
beam. To study the impact of adding the coating layer on the output voltage of the designed 
sensor,  the  coating  layer  onto  the  beam  was  introduced  in  the  circuit  model.  The  same 
assumption of non-anchored ends for the coating layer was also applied here. The results are 
discussed in next section.  
                                                                                                                                                                                       
  
 
       
      
                                        (a)                                                                              (b) 
Fig. 3.13 (a) Beam and side electrode components in the Architect library [125], (b) the circuit model for 
the IP R-NEM sensor 
 
3.5.1  Simulation results for the IP R-NEM sensor 
   In  this  section,  the  impact  of  functionalization  process  on  the  resonance  frequency  is 
discussed  by using the 3D  FEM and  hybrid circuit analysis. The evaluation of the  mass CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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responsivity for the detection process and the scalability issue of the sensor are discussed 
finally. 
 
3.5.1.1  Impact of different functionalizations 
   A coating layer was added to the beam surface in different configurations (Fig. 3.12) in 
order to model the liquid and vapor phase techniques for the functionalization process in Fig. 
3.11. Figure 3.14 shows the resonance frequency versus the coating layer thickness for the 
TB, OT and AA configurations. In Fig. 3.14, the frequency decreases in the TB and OT 
configurations by increasing the coating layer thickness that shows the dominant effect of 
mass as was expected from the analytical model in section 3.4.5.1. Change in the resonance 
frequency is lower for the OT configuration than the TB configuration due to its smaller 
value of the coating layer mass using eq. (3-2). Higher resonance frequencies for the OT 
configuration are explained by the smaller mass of coating layer for the OT configuration 
than  in  the  TB  configuration.  On  the  contrary,  the  resonance  frequency  increases  by 
increasing  the  coating  layer  thickness  in  Fig. 3.14  as  was  expected  from  section  3.4.5.1 
because of the dominant effect of the spring stiffness enhancement for the AA configuration. 
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Fig. 3.14 The resonance frequency versus thickness of the coating layer for the TB, OT and AA 
configurations 
 
   The harmonic analysis was done for the structure with the AA configuration. A sinusoidal 
pressure load with the magnitude of 1 kPa was applied in a specified range of frequency that 
resulted in a peak of the lateral displacement of the beam at the resonance frequency. The 
magnitude of the in-plane displacement versus frequency for different thicknesses of coating CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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layer are shown in Fig. 3.15. The resonance frequency was increased slightly by increasing 
the coating layer thickness in the AA configuration as was expected from Fig. 3.14. 
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Fig. 3.15 The lateral displacement versus frequency for different thicknesses of coating layer in 
the AA configuration 
 
   After  investigating  the  3D  FEM  analysis  of  the  NEM  part  of  the  sensor  after  the 
functionalization process, the behaviour of the full sensor including the MOSFET detection 
part was studied using the hybrid NEM-MOS circuit model presented in section 3.5.  For the 
DC transfer analysis, a range of DC voltages were applied to the electrode and the pull-in and 
pull-out cycles were investigated for the sensor. The IP R-NEM sensor operates by applying 
low voltages and shows small displacements. So, the pull-in will not happen as a wanted 
event. For small voltages the achieved displacement from Designer and Architect are similar 
even  though  the  physical  phenomena  of  the  sensor  was  modelled  more  precisely  using 
Designer. The displacement and capacitance versus voltage is shown in Figs. 3.16 (a) and 
3.16  (b),  respectively.  By  increasing  the  applied  voltage  to  the  side  electrode,  the 
displacement of the suspended beam increases and the gap between side electrode and beam 
decreases. Smaller gap results in larger capacitance. At pull-in voltage the electro-static and 
spring  forces  are  equal  and  the  beam  will  collapse  against  the  electrode.  If  the  voltage 
decreases from this value, the electro-static force becomes larger than the spring force at the 
voltage  called  pull-out  voltage  and  the  beam  becomes  separated  from  the  electrode.  By 
decreasing the voltage, the gap increases and smaller capacitance is obtained. 
   For the small signal ac analysis, a range of frequency was chosen to derive the frequency 
spectrum of the sensor. The lateral displacement, y, versus frequency for the beam at Vdc=50 
V is shown in Fig. 3.17 (a). The y-axis shows the decibel value of displacement. The derived CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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resonance  frequency  for  the  displacement,  that  is  equal  to  443.87  MHz,  is  near  to  the 
resonance  frequency  obtained  using the  Analyzer,  and  this  value  is  used  to  perform  the 
transient analysis in the next step. The output voltage versus frequency at Vdc=50 V is also 
shown  in  Fig.  3.17  (b).  The  peak  and  dip  presumably  present  the  resonance  and  anti-
resonance frequency [47] of the beam as shown in Fig. 2.32, that are 448.87 MHz and 497.41 
MHz, respectively. 
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                                              (a)                                                                              (b) 
Fig. 3.16 (a) The displacement versus voltage and (b) the capacitance versus voltage 
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Fig. 3.17 (a) The loss in lateral displacement versus frequency and (b) the out voltage versus frequency 
 
   To investigate the effects of gap changes on the resonance frequency, the gap was changed 
from 50 to 30 nm for three different DC voltages. The displacement versus frequency for 
different gaps and voltages are shown in Fig. 3.18. Figure 3.18 (a) shows that at Vdc=50 V, if 
the gap is decreased, the spectrum shifts to lower frequencies. This trend is compatible with 
eq. (3-6) that shows by reducing the gap, kbe increases and results in smaller kb with respect to 
eq. (3-5) and consequently lower fr with respect to eq. (3-7). For Vdc=30 V in Fig. 3.18 (b), 
this effect is only  visible when the gap reduced from 40 nm to 30 nm. By reducing the 
applied voltage to Vdc=10 V in Fig. 3.18 (c) and also reducing the gap, there will not be a 
  Pull-Out  Pull-In 
Pull-In  Pull-Out 
Resonance  
Anti-resonance 
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shift for the resonance frequency as the effect of kbe on kb is smaller for smaller Vdc. Figure 
3.18 shows that by reducing the gap in different applied DC voltages, the widening of the 
resonance frequency spectrum is larger which means a smaller Q-factor. This is due to the 
fact  that  only  QAir  is  considered  as  the  dominant  factor  in  these  results  that  included 
assumption that the resonator was working in the atmosphere and at room temperature. By 
reducing  the  gap  with  respect  to  eq.  (3-16), the  damping  factor  increases  and  results  in 
smaller Q-factor due to eq. (3-21).  
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                                    (a)                                                        (b)                                                       (c) 
Fig. 3.18 The out voltage versus frequency at Vd=10 mV for different gaps at: (a) Vdc=50 V,  
(b) Vdc=30 V and (c) Vdc=10 V 
 
   The resonance frequency for g=50 nm at Vdc=10 V to 70 V are shown in Fig. 3.19. Figure 
3.19 shows that by increasing Vdc from 10 V to 70 V, the resonance frequency decreased due 
to increasing of kbe with respect to eq. (3-6) and causes reduction in kb and consequently 
reduction in the resonance frequency with respect to eq. (3-7). The reduction of the resonance 
frequency with  increasing of  Vdc  is called spring softening [108]. Reduction  in  kb causes 
smaller QAir with respect to eq. (3-21) and results in wider resonance frequency spectrum as 
shown in Fig. 3.19. 
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   The width of the beam was increased to 53 nm to study the effect of increasing the mass of 
the beam on the resonance frequency. Figure 3.20 shows the comparison of displacement 
versus frequency for two different masses for the beam. The changes in the mass, ∆m= 1.11 
fg, causes the variation of the resonance frequency, ∆f, equal to 28.992 MHz. This result 
emphasizes the  high  sensitivity of the sensor response to small  changes  in the  mass  and 
makes it suitable for molecular biosensing.  It is important to note that, using eq. (3-2), even 
though the mass of the beam is increased by increasing its width, the effect of increasing of 
the spring stiffness remained dominant and resulted in higher resonance frequency for the 
wider beam. 
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Fig. 3.20 The comparison of loss in lateral displacement versus frequency for different mass values 
 
   Figure 3.21 shows the output voltage versus frequency calculated with different coating 
layer thicknesses of the TB and  AA configurations. The  frequency  spectra of the output 
voltage shift to low frequencies by increasing the thickness of the coating layer for the TB 
configuration (Fig. 3.21 (a)) while the trend is reverse for the AA configuration (Fig. 3.21 
(b)). These results show the effect of the mass change is dominant for the TB configuration 
and  the  effect  of  the  spring  stiffness  change  is  dominant  for  the  AA  configuration  as 
explained  previously  in  this  section.  These  results  are  consistent  with  the  previous  3D 
simulation results in Fig. 3.14. 
   Transient response analysis was also conducted by setting the frequency of the ac voltage 
equal  to  the  resonance  frequency  of  the  un-coated  beam  obtained  from  the  small  signal 
analysis. The transient response is shown in Fig. 3.22. The transient output signal reaches the 
steady state with the response time of approximately 400 ns after the ac signal was applied. 
The sinusoidal behaviour of the output voltage shows that the beam is resonating with high CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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speed  and  the  overall  damping  of  the  output  is  determined  by  the  intrinsic  mechanical 
damping of the beam. 
   The  piezo-resistive  effect  is  widely  applied  to  NEM/MEM  sensors  to  improve  their 
performance  [129-132].  For  this  reason  applying  this  effect  to  the  IP  R-NEM  sensor  is 
studied in Appendix A.3. 
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Fig. 3.21 The output voltage versus frequency for different coating layer thicknesses of the 
(a) TB and (b) AA configurations 
    
                            
0 200 400 600 -2
-1
0
1
2
Time (ns)
O
u
t
 
V
o
l
t
a
g
e
 
(
m
V
)
 
Fig. 3.22 The transient out voltage for the IP R-NEM sensor 
 
3.5.1.2  Evaluation of mass responsivity  
   To model the target molecules adsorption, the density of the coating layer for different 
configurations was increased as explained in section 3.4.5.2. Figure 3.23 shows the resonance 
frequency calculated for the TB, OT and AA coating configurations as a function of total 
mass of the surface coating layer and adsorbed target molecules. Regardless of the different 
coating schemes, the increase in the mass due to adsorbed molecules decreases the resonance 
frequency linearly. The inverse slope of the resonance frequency versus mass shows the mass 
responsivity, S. S is calculated as follows: 
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


                                                        (3-31) 
where Δmba is changes of the mass due to adsorbed molecules and are also considered as the 
minimum detectable mass [39]. Figure 3.23 shows virtually the same S values of 0.05 zepto 
g/Hz  for  all  configurations  regardless  of  modified  resonance  frequency  with  different 
functionalization schemes and independent of the surface area of the beam that was used for 
adsorption.  
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Fig. 3.23 The resonance frequency versus mass for different coating configurations 
 
   Considering several noise processes in the operation of a resonator Δmba is calculated as 
following [39]: 
) 20 / DR ( 2 / 1
Total
0
BW ba 10 )
Q
f 2
f ( S m  

                                   (3-32) 
where  BW f  is  the  maximum  allowable  measurement  bandwidth  that  is  ~f0/QTotal  and  DR 
represents the effective dynamic range intrinsic to the resonator: 
) T k / E log( 10 ) dB ( DR B C                                              (3-33) 
where Boltzmann constant, kB, is 1.38×10
-23 J/K and the maximum drive energy for the in-
plane CC beam is
2 2 2
0
2 53 . 0 4 w f m E b C    . Using eqs. (3-31)-(3-33) Δmba is calculated equal 
to 11.73 atto g.  
2 nm 
 
S=0.0581 zg/Hz 
S=0.0544 zg/Hz 
2 nm 
2 nm 
 
S=0.0556 zg/Hz 
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   In Table 3.6, characteristics of the IP R-NEM sensor is compared to that reported for recent 
commercial  mass-detection  biosensors based on  the QCM technique  in Table 2.3.  As an 
example, a type of protein was considered as the target molecule in the IP R-NEM sensor. By 
assuming that the protein has a sphere shape with a minimal radius of near 2 nm, same as the 
thickness of 2 nm for the coating layer in Fig. 3.23, it has the molecular weight of 20 kDa (1 
Da= 1.6605×10
-24 g) [133]. Considering the mass detection limit of the order of 11.73 atto g 
for the IP R-NEM sensor, about maximum number of 353 protein molecules can be detected 
by the sensor in the case of conformal and full coverage of the protein molecules onto the 
surface of the beam. 
  
Table 3.6 Comparison of the IP R-NEM sensor and the commercial QCM biosensors 
 
   Using the conversion method for the LOD presented in section 2.2.3, the LOD for the IP R-
NEM sensor will be calculated as follows. If the molecular weight of one mole of DNA is 
equal to 20×10
3 kg, Vs = 7 ×10
-14 cm
3 based on
 the beam dimensions in Fig. 3.1 (a) and 
∆mba=11.73  atto  g  for  the  IP  R-NEM  sensor,  eq.  (2-1)  shows  x=  8.37×10
-9  mol/L.  The 
derived  LOD  is  located  just  below  the  LOD  reported  for  other  mass-detection  based 
biosensors  in  Fig.  2.13.  It  should  be  noted  that  the  solution  concentration  LOD  is  not 
necessarily a must requirement because some of recent products such as AFFINIX system 
recommend  that  users  prepare  the  target  solution  with  molar  concentration  as  high  as 
possible. Such QCM biosensors are not intended to detect a small amount of biomolecules 
from very dilute solution but to study real-time monitoring of biomolecular interaction.  
   A few of the most recent research works on mass-detection based NEM sensors using a CC 
beam with different materials [89],[111],[134-136] are given in Table 3.7. The IP R-NEM 
sensor shows higher sensitivity than that of the stated sensors in Table 3.7. One of the silicon 
carbide (SiC) CC beams in Table 3.7 shows the same order of mass responsivity for the IP R-
Biosensor  Mass  
detection limit Q-factor  Mass responsivity  Sensing area Fundamental 
frequency  Ref. 
Q-Sense E4  -  ≥ 10
5  27 ng/Hz  1.54 cm
2  5 MHz  [87]  
QCM Initium 
AFFINIX Q   100 pg  ≥ 10
5  30 pg/Hz  0.049 cm
2  27 MHz  [85] 
Mark 21 
QCM sensor  56.6 µg  -  18 pg/Hz  0.1007 cm
2  50 MHz  [88] 
IP R-NEM 
sensor   11.73 atto g  1411  0.05 zepto g/Hz  3×10
-9 cm
2  448.87 MHz  - CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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NEM  sensor  which  is  due  to  the  larger  Young’s  Modulus  of  SiC  than  that  of  Si.  The 
calculated  mass responsivity  for the FF NEM structure  in  Fig. 3.10 (a) with the  support 
beams 300 nm away from the centre of the main beam and with the OT configuration is 
S=0.2363 zg/Hz. This value shows that even though a larger quality factor was achieved for 
the sensor using the FF beam compared to the CC beam, but the FF NEM structure had also a 
larger value for the mass responsivity that shows a trade off between the quality factor and 
the mass responsivity. 
 
Table 3.7 Comparison of the recent mass-detection based NEM sensors 
 
Ref.  Material  Type of 
beam 
Frequency 
(Hz) 
Quality 
factor 
Temperature  Medium  Mass 
responsivity or 
detection limit 
[111]  SiC  CC  32.8 M  3000  17 K  Ultra High Vacuum   0.06 zepto g Hz 
-1 
[134]  SiC  CC  428 M  2500  22 K  Vacuum  0.27 zepto g Hz 
-1 
[135]  SiC  CC  190 M  5000  300 K  Ultra High Vacuum  
(<10
-10 Torr)  
0.86 zepto g Hz 
-1 
[136]  Carbon 
nano-tube 
CC  
(Fe-coated) 
470 M 
 
15  Room  Vacuum  
(10
-6 Torr) 
~1 atto g 
[89]   Silicon 
nano-wire 
CC 
(Metallized) 
200 M  
 
2000 
 
25 K  Vacuum  0.71 zepto g Hz 
-1 
 
3.5.1.3  Scalability of mass responsivity 
   Downscaling MEMS leads to novel applications that are capable to achieve remarkable 
sensitivity  in  the  detection  of  displacement,  mass,  force  and  charge  [135-139].  The 
unprecedented  mass  responsivity  of  the  designed  IP  RNEM  sensor  is  the  result  of  the 
reduction  of  dimensions.  To  study  the  scalability  for  the  presented  mass-detection  based 
sensor, the dimensions of the beam were enlarged by the scaling factors, k, of 10, 100 and 
1000. Table 3.8 shows the scaling rule for mass, spring stiffness, resonance frequency and 
mass responsivity evaluated by using the analytical models given by eqs. (3-2)-(3-4) and eq. 
(3-31). The numerical simulation was conducted using the above-mentioned scaling factors, 
k, to clarify the scaling rule for the present structure accurately. For this simulation the beam 
that is functionalized in the AA configuration was chosen because the mass responsivity is 
virtually  independent of the  functionalization process as shown  in  Fig. 3.23. Figure 3.24 
shows the calculated mass responsivity versus the scaling factor, which indeed shows that the 
mass responsivity increases from zg/Hz to pg/Hz with the scaling rule of k
4 by increasing the 
scaling factor as indicated by the analytical model. This scaling rule provides a good guiding 
principle for the resonator design depending on the needs of mass responsivity.  CHAPTER 3 In-plane resonant NEM sensor: Design and simulation 
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Table 3.8 Scaling rules for key parameters of the IP R-NEM sensor 
 
Parameter  Scaling rule  
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Fig. 3.24 The calculated mass responsivity versus the scaling factor 
 
3.6  Summary 
   I presented the design and analysis of the NEM structure and then the IP R-NEM sensor that 
is based on mass-detection principle and can be used as a bio/chemical sensor with a higher 
responsivity than that of the recent commercial QCM sensor and mass-detection based NEM 
sensors. The proposed sensor was designed and simulated using both 3D FEM simulation and 
hybrid NEM-MOS circuit simulation in order to investigate its characteristics both in physical 
and  circuit-level.  Linker  species  are  adsorbed  onto  the  suspended  beam  in  the 
functionalization process and they have been modelled by adding extra layers to the beam in 
different configurations. The target molecules in detection process have been modelled by 
changing the density of the coating layer. By modelling the functionalization and detection 
processes, the simulation results have shown that the IP R-NEM sensor achieves an extreme 
mass  responsivity  of  the  order of  zepto  g/Hz  that  is  unique  among  available  mass-based 
sensors. The calculated scaling rule of k
4 for the resonator provides a good guiding principle 
for the resonator design depending on the needs of mass responsivity. The fabrication of the 
NEM structure and IP R-NEM sensor are discussed in the next chapter along with further 
processing of available NWs.  
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CHAPTER 4 
In-plane resonant NEM sensor: Fabrication  
 
 
   In  this  research  three  devices  are  fabricated  for  different  purposes.  First,  some  post-
processing is conducted for the provided non-suspended nano-wires (NWs) in collaboration 
with the Tokyo Institute of Technology (TIT). The fabrication process of NWs is based on 
Fig. 4.1. J. Ogi et. al [140] first patterned a silicon (Si) NW and double side gate electrodes 
on a 50 nm-thick silicon-on-insulator (SOI) layer heavily-doped with ion implantation, by 
using electron beam (EB) lithography and anisotropic electron cyclotron resonance reactive 
ion  etching  (ECR  RIE). Then  the  buried-oxide  (BOX)  layer  under  the  NW  channel  was 
isotropically etched with liquid hydrofluoric (HF) acid, and a suspended NW channel was 
formed. Both  liquid  and  vapor HF etching  are  used  for the suspension of NWs. For the 
second device, the NEM structure is fabricated at the Southampton Nanofabrication Centre 
(SNC) in the University of Southampton. Figure 4.2 illustrates an outline of the fabrication 
process for the NEM structure that includes a clamped-clamped (CC) beam with two side 
electrodes.  Moreover,  the  fabrication  includes  a  free-free  (FF)  NEM  structure.  The 
fabrication is planned in four steps of lithography that are EB lithography of the structures on 
the  heavily-doped  SOI  wafer  that  is  thinned  down,  photo-lithography  for  patterning  the 
contact holes above the silicon-pads of the beam and side-electrodes, photo-lithography for 
patterning  the  wiring  and  contact  pads  in  Aluminium  (Al)  and  photo-lithography  for 
patterning the windows above the beam for making it suspended using HF etching. For the 
third device, one of our partners in the NEMSIC project, Commissariat à l'Energie Atomique-
Laboratoire d'Electronique et de Technologie de l'Information (CEA-LETI), is responsible for CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
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the fabrication of the in-plane resonant NEM (IP R-NEM) sensor.  For this reason, the mask 
layout for the IP R-NEM sensor as well as the NEM structure is designed with respect to the 
CEA-LETI’s process technology. The mask layout is designed before starting the fabrication 
at  SNC.  The  simplified  steps  of  CEA-LETI’s  fabrication  technology  for  the  IP  R-NEM 
sensor are given in Fig. 4.3. The details of the mask layout and the fabrication process are 
discussed later. A summary for the devices that includes their structures, features including 
beam and MOSFET dimensions, the frequency range based on the numerical analysis, the 
purpose of the fabrication and finally the reason for moving towards the fabrication of the 
next device are given in Table 4.1. 
 
      
                                                                                (a)                                                     (b) 
     
                                                               (c)                                                      (d) 
Fig. 4.1 Basic fabrication process of the suspended NW [140]: (a) Thinned down heavily-doped SOI 
wafer, (b) EB lithography for patterning the NW in resist, (c) anisotropic dry etching to pattern the NW 
in the SOI layer and (d) isotropic wet etching for releasing the NW 
 
4.1  Post-processing on NWs 
   The non-suspended NWs were fabricated on an SOI wafer with the SOI thickness of 53 nm 
and  BOX  thickness  of  200  nm  using  the  fabrication  process  as  explained  earlier  in  this 
chapter. NWs have the width, w, of 100 nm, gap, g, of 150 nm and different lengths, l, of 500 
nm, 1000 nm, 1500 nm and 2000 nm and the working in-plane frequency range,  f0, of 218.4 
MHz-3.2 GHz. The N-type doping for the wires is 2×10
19 cm
-3. Figure 4.4 shows the design 
of NWs in one chip. Each chip contains four NWs. The scanning electron microscope (SEM) 
views of NWs with different lengths in a chip are shown in Fig. 4.5. CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
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                                                  (a)                                                                          (b) 
                     
                (c)                                                                       (d) 
Fig. 4.2 Four steps of the fabrication process for the NEM structure: (a) EB lithography for patterning 
the SOI layer, (b) photo-lithography for patterning contact holes, (c) photo-lithography for patterning 
contact pads and wiring and (d) photo-lithography for opening a window above the beam for its 
subsequent release 
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                                                    (a)                                                              (b) 
 
              
                                                                 (c)                                                              (d) 
                                
                                                     (e)                                                              (f) 
                                
                                                                   (g)                                                              (h) 
 
                                                                                (i) 
Fig. 4.3 Fabrication process steps of the IP R-NEM sensor: (a) Doping implantation for the whole wafer 
except some protected parts by resist, (b) silicon patterning and vapor HF release of beams, (c) oxidation, 
(d) poly silicon deposition, (e) opening contact holes in poly silicon, (f) oxide deposition, (g) opening 
contact holes in oxide (h) Al deposition and patterning for contact pads and wiring and (i) open window 
in oxide and poly silicon above the beam for its subsequent release CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
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Table 4.1 A summary on the structures and features of the fabricated devices
Device  Fabricated 
at 
Device 
name 
Device structure  Device features  Purpose  Motivation for the 
next fabrication 
step 
Beam  MOSFET  Resonance frequency 
(Numerical) 
A  TIT+SNC  NW 
   
▪ Dimensions: 
l=500-2000 nm 
w=100 nm 
t=53 nm 
g=150 nm 
▪ Doping: 
N
+=2×10
19 cm
-3 
-  First in-plane mode:  
218.4 MHz-3.2 GHz 
▪ Suspension of NWs using 
both liquid and vapor HF 
▪ DC and RF measurement 
using capacitive response 
No existing metal 
contact pad 
 
B  SNC  NEM 
structure 
   
             CC 
▪ Dimensions: 
l=400 -2000 nm, 
l=4-32 µm 
t=50 nm 
w=45-135 nm 
g=80-200 nm 
▪ Doping: 
N
+=2×10
19 cm
-3 
-  First in-plane mode:  
1.9-22.7 MHz  
98.3 MHz-4.4 GHz 
 
DC and RF measurement 
using capacitive response 
Improve the output 
signal using 
transistor response  
 
             FF 
▪ Dimensions: 
l=1000 nm 
t=50 nm 
w=45,135 nm 
g=80-140 nm 
ws=28,82 nm 
ls=1010,1192 nm 
▪ Doping: 
N
+=2×10
19 cm
-3 
-  First in-plane 
mode:  
176.3 MHz,380.2 MHz 
▪ Improve the quality factor 
of the CC NEM structure 
▪ DC and RF measurement 
using capacitive response 
C  CEA-LETI  IP  R-NEM 
sensor 
 
▪ Dimensions: 
l=400-2000 nm 
t=40 nm 
w=45-135 nm 
g=80-200 nm 
lS=lD=295 nm 
lC=250-1250 nm 
First in-plane 
mode:  
98.2 MHz-2.3 GHz 
 
 
DC and RF measurement 
using transistor response 
and lock-in technique 
- 
▪ Doping: 
N
+=4×10
19 cm
-3 
Type  N
+/P/N
+ 
P=1×10
16 cm
-3 
P
+=1×10
19 cm
-3  Type P
+/P/P
+ 
P=1×10
15 cm
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Fig. 4.4 The layout of NWs and their dimensions 
 
     
                                                         Length= 500 nm                                   Length= 1000 nm 
     
                                            Length= 1500 nm                                   Length= 2000 nm 
Fig. 4.5 SEM views of the non-suspended NWs 
 
   After doing some measurement on the non-suspended NWs that are explained in the next 
chapter, two chips of NWs are separately released using liquid and vapor HF. For releasing 
NWs in the first set, buffered HF (BHF) 20:1 was used for ~9 minutes to etch 200 nm of 
BOX layer underneath the NWs. The etch rate for BHF 20:1 is 24 nm/min. The SEM views 
of the suspended NWs are shown in Fig. 4.6. The suspension using liquid HF caused the 
problem of producing fibres around NWs as shown in Fig. 4.7 (a). BHF 20:1 was used for 1 
minute to remove the fibres that were assumed to be silicon fibres. BHF did not remove the 
Nano-wire  Lenght 
1  500 nm 
2  1000 nm 
3  1500 nm 
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fibres which led me to assume they were polymer fibres. The cleaning process included: O2 
plasma ashing for 5 minutes, rinsing with acetone and isopropyl alcohol (IPA) followed by 
drying with nitrogen gun to remove the fibres. The cleaned NW is shown in Fig. 4.7 (b).  In 
the next chapter, the suspended NWs showed high current at the applied zero voltage across 
NWs due to the trapped charges  in the  native oxide  layer around the NW that could  be 
passivated by annealing. NWs were annealed in tube furnace at 400 
oC for 30 minutes in the 
(argon) Ar and (nitrogen) N2 environment. Further details on the DC characterization of the 
cleaned and annealed NWs are given in the next chapter.  
 
                        
                               Beam length= 500 nm                               Beam length = 1000 nm 
       
                                          Beam length = 1500 nm                                  Beam length = 2000 nm 
Fig. 4.6 SEM views of the suspended NWs using BHF 20:1 
 
         
                                                      (a)                                                                 (b) 
Fig. 4.7 The suspended NW with the length of 2000 nm released by BHF 20:1: (a) Polymer fibres around 
the NW after the releasing process and (b) the cleaned NW from polymer fibres 
 CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
 
 
80 
   To avoid the possible contamination in wet etching process and the possible bending of 
NWs and their stiction to the substrate [141] especially for the longer NWs, vapor HF was 
used for the etching of the BOX layer and releasing NWs. Vapor HF used for 2 minutes at 
temperature=45 
oC  did  not  produce  polymer  fibres  around  NWs.  Further  details  of  the 
benefits of using vapor HF for the suspension are discussed in the next chapter. The SEM 
views of the suspended NWs with different lengths are shown in Fig. 4.8.  
 
     
                              Beam length = 500 nm                                 Beam length = 1000 nm 
     
                             Beam length = 1500 nm                               Beam length = 2000 nm 
Fig. 4.8 SEM views of the suspended NWs using vapor HF 
 
4.2  Fabrication of CC and FF NEM structures 
   The mask layout of the CC and FF NEM structures were designed for different dimensions 
of beam, electrode length, gap and radio frequency (RF) measurement pad structures. The 
details of mask layout and the fabrication process are given in the following sections. 
 
4.2.1 Mask layout 
   The mask layout includes the NEM structure with the working in-plane frequency range, f0, 
of 1.9-22.7 MHz and 98.3 MHz-4.4 GHz. For each device, a 50 Ω-resistance measurement CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
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pad was used that had been designed in collaboration with the École Polytechnique Fédérale 
de Lausanne (EPFL) (Fig. 4.9). The RF pads in Fig. 4.9 are compatible with a ground-signal-
ground (GSG) probe with the pitch of 150 µm as shown in Fig. 2.34 (b).  Figure 4.9 (a) 
shows the suitable RF pad for the gas-detection. In the other configuration for the RF pad in 
Fig. 4.9 (b), the metal contact pads are far from the device that helps us to use this space for 
introducing the target liquid to the structure for the bio-detection. 
 
      
                                                          (a)                                                         (b) 
Fig. 4.9 RF measurement pads for: (a) Gas-detection and (b) bio-detection 
 
   The layout of the RF pad and its wiring to the NEM structure are shown in Fig. 4.10. The 
contact holes in Fig. 4.10 have different dimensions of 2.5×2.2 cm
2 and 3×3 cm
2 in mask 
layout. The minimum wiring-width of 2 µm and the minimum spacing of 1.5 µm between 
wires were used. The dimensions for beams of NEM structures are given in Table 4.2.  
 
 
Fig. 4.10 The layout of the CC NEM structure and its wiring to the RF pad CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
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Table 4.2 Dimensions for CC NEM structures 
 
 
 
 
 
 
    
   The FF NEM structure in section 3.4.4 is also added to the mask layout. The layout of the 
FF NEM structure and its wiring is shown in Fig. 4.11. Table 4.3 shows dimensions of FF 
NEM structures. Three 5-inch masks were ordered for three steps of photo-lithography. The 
plots of three masks are shown  in  Fig. 4.12 note that the coloured parts in the plots are 
transparent  on  the  actual  masks.  Figure 4.12  shows  (a) the  first  mask  for  patterning  the 
contact holes, (b) the second mask for patterning the contact pads and wiring and (c) the third 
mask for patterning the windows above the beams for their subsequent suspension. 
 
 
Fig. 4.11 The layout of the FF NEM structure and its wiring 
 
Table 4.3 Dimensions for FF NEM structures 
g  w, w
s, l
s, g
s  Support beam position 
80,100,120,140 nm  45, 28, 1010, 170 nm  384 nm 
135, 82, 1192, 118 nm  359 nm 
 f0  w   g  l 
1.9-22.7 MHz  45 nm  80 nm  4.16, 4.80, 5.88, 8.32, 14.39  µm 
135 nm  80 nm  7.20, 8.32, 10.19, 14.41, 32.23  µm 
98.3 MHz-4.4 GHz  45, 75, 105, 135 nm  80, 120 nm  400, 800, 1000,1500, 2000 nm CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
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                             (a)                                                       (b)                                                      (c) 
Fig. 4.12 Plots of three photo-lithography masks for: (a) Patterning contact holes, (b) patterning contact 
pads and wiring and (c) patterning windows above the beams for their subsequent release 
 
4.2.2 Fabrication process 
   The  fabrication  is  based  on  SOI  technology  and  the  phosphorus-doped  SOI  wafers  of 
1×10
14 cm
-3 with SOI thickness of 100 nm and BOX thickness of 200 nm were used. The SOI 
layer  was  thinned  down  to  50  nm  by  thermal  oxidation  at  950 
oC  for  30-40  minutes  in 
collaboration with Mr. Feras M. Alkhalil. A 100 nm-thick oxidized layer was formed on the 
SOI layer by thinning down of 100 nm-thick SOI layer to 50 nm. The phosphorus ion was 
implanted in the oxidized SOI wafer at the University of Surrey with the energy of 90 keV 
and doping of 1×10
15 cm
-3. The 100 nm-oxidized layer was kept on the wafer during the 
implantation  process  as  a  buffer  layer  to  avoid  the  damages  due  to  implantation.  The 
implanted ions drive-in step is done in N2 gas at 1000 
oC in the annealing furnace for 30 
minutes in collaboration with Dr. Kai Sun and Mr. Feras M. Alkhalil. ATHENA provides a 
convenient platform for simulating semiconductor industry processes [142] and was used to 
simulate the doping profile in the SOI layer after the implantation and drive-in steps with the 
previously stated conditions (see Appendix A.4). Along the specified cutline in Fig. 4.13 (a), 
ATHENA shows the net doping of ~8×10
19 cm
-3 for the SOI layer in Fig. 4.13 (b). The four-
point prober, JANDEL RM3000, was used to measure the sheet resistance and consequently 
doping of the SOI layer. The measurement showed the doping of ~2×10
19 cm
-3 for the SOI 
layer that is compatible with the simulated value using ATHENA. BHF 20:1 was used to 
remove the oxidized layer on the SOI wafer. The wafer was cut to sample sizes of 3.5×3.5 
cm
2  in  order to  fit  the  sample  holder of  the  EB  lithography  system.  Four  samples  were 
fabricated  in  sequence  to  optimize  the  fabrication  process. The  sample  A  and  sample  B 
contain one set of devices while the sample C and D contain two sets of same dimensions of 
devices.  
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                                                             (a)                                                                             (b) 
Fig. 4.13 (a) ATHENA simulation for the net doping profile of the SOI layer and the oxidized layer on top 
after implantation and drive-in steps and (b) the net doping versus distance along the cutline 
 
   The fabrication of samples is followed by one step of EB lithography in collaboration with 
Dr. Muhammad Khaled Husain and three steps of photo-lithography as shown in Fig. 4.2.  
For the EB  lithography step (Fig. 4.2 (a)), in the  beginning a  negative tone resist called 
UVN30 was used for patterning structures on the SOI layer of a test sample. UVN30 was 
spin-coated  on  the  sample  at  the  speed  of  6000  rpm  for  30  seconds.  The  pre-bake  of 
temperature=95 
oC was used for 2 minutes after the spin-coating of UVN30. After several 
trials, the exposure dose of 15 μC/cm
2 was used as the optimized value for the subsequent 
exposures. MFCD-26 was used for developing the sample for 50 seconds. The adhesion of 
UVN30 to the silicon surface, especially for the beam, was not good as shown in Fig. 4.14 (a) 
and only the good resolution was obtained for a few devices with the w of 135 nm and g of 
120 nm as shown in Fig. 4.14 (b). For better adhesion of UVN30 to the surface, HMDS prime 
was first spin-coated on the silicon sample at the speed of 3000 rpm for 30 seconds. The 
resolution was worse compared to the process that used only UVN30 and was due to the 
difficulties in the development step. 
 
         
                                                      (a)                                                             (b) 
Fig. 4.14 (a) The poor adhesion of UVN30 to the silicon surface, (b) the EB patterned beam using UVN30 
with w= 135 nm and g=120 nm 
Cut-line CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
 
 
85 
   To get finer structures and better resolution, Hydrogen silsesquioxane (HSQ) was used as 
the EB resist. HSQ is a negative resist that is known for the highest available resolution of EB 
resists [143]. HSQ is a subset of a cage-like structure (HSiO3/2)2n (n=2, 3, 4, etc.) as shown in 
Fig. 4.15 (a) and a part of it transforms to a network structure after curing as shown in Fig. 
4.15 (b). Four stages can be considered during the curing of the HSQ layer [143-146]:  
Up to 200 
oC: Solvent loss 
250-320 
oC: Cage-network redistribution 
2HSiO3/2→H2SiO2/2+SiO4/2 
H2SiO2/2+HSiO3/2→ SiO4/2+H3SiO1/2 
H3SiO1/2+HSiO3/2→ SiO4/2+SiH4 
350-450 
oC: Si-H thermal dissociation and network redistribution 
4HSiO3/2→3SiO4/2+SiH4 
SiH4→Si+2H2 or cleavage or Si-H 
>450 
oC: Collapse of the pore structure 
   Figure 4.16 shows the SEM of a test patterned cross in HSQ after RIE step, imaged by 
focused ion beam (FIB) in collaboration with Dr. Mario A. G. Ramirez. Without the curing of 
the HSQ before RIE step, the plasma etches the resist as well as silicon. Accordingly, the 
curing at 250 
oC for 4 minutes and 30 seconds using a hotplate was used to improve the 
hardness of HSQ during RIE of the SOI patterns. Using HSQ, the beam structures with the 
minimum w of 15 nm and with g of 80 nm were patterned using the optimized exposure dose 
of 900-1000 μC/cm
2. SEM views of patterned CC and FF beams in HSQ are shown in Figs. 
4.17 (a) and 4.17 (b), respectively.  
 
 
                                                    (a)                                                            (b) 
Fig. 4.15 HSQ chemical structures [146]: (a) The cage-like structure and (b) the network structure CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
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Fig. 4.16 The plasma attacking the silicon surface after the RIE step for the patterned cross in HSQ 
 
         
                                                                      (a)                                                                                       (b) 
Fig. 4.17 An EB patterned beam in HSQ: (a) The CC beam with w=45 nm, l=2000 nm and g=80 nm and 
(b) the FF beam with w=45 nm, ws=28 nm, l=1000 nm, lS=1010 nm, g=140 nm and gS=170 nm 
 
   The RIE recipe of silicon, using the HSQ resist as the etching mask, was optimized with the 
etch rate of 107 nm/min and selectivity of (silicon:HSQ 8:1). The etch rate and selectivity 
was calculated based on the measurement by atomic force microscopy (AFM). Figure 4.18 
shows the surface of HSQ for different exposure times to the plasma during RIE step for a 
test structure. It was found that the exposure time above 30 seconds caused the corrosion of 
the surface of HSQ and the plasma etches the resist quicker than the stated selectivity of 
silicon:HSQ.  To  avoid  this  effect,  the  RIE  step  should  not  last  longer  than  30  seconds. 
Therefore, several steps were used with the maximum step time of 30 seconds. 
   By optimizing the gas flow ratio of sulfur hexafluoride (SF6)/oxygen (O2) to 36 sccm/36 
sccm, the vertical side walls for the silicon beam were obtained. A few of the etched silicon 
beams using the optimized etching recipe are shown in Figs. 4.19 (a) and 4.19 (b). The 3D 
image of the SOI pattern using AFM and its SEM image are shown in inset to Fig. 4.20 that 
presents the cross-section of the SOI pattern along the cutline. Even though the SEM image 
in Fig. 4.20 shows the vertical side walls for the beam, the AFM tip is not able to sense 
vertical sidewalls due to the available angle in the tip of AFM. The exposed and cured HSQ 
behaves similar to a layer of SiO2, so RIE or HF etching is used for removing this layer. 
Early-suspension of the beams will happen before starting the following photo-lithography CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
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steps if HF etching is used for removing the HSQ layer. For this reason, the removal of HSQ 
at the contact holes above silicon were done using BHF 20:1 after the first photo-lithography 
step which covered beams by the photo-resist. 
   After the EB lithography for the sample A, the SOI layer was patterned using RIE and a 
200  nm-SiO2  layer  was  deposited  using  plasma-enhanced  chemical  vapor  deposition 
(PECVD) on the patterned silicon. The SiO2  layer was then patterned using the positive 
photo-lithography resist, S1813, to make the contact holes (Fig. 4.2. (b)) above the silicon 
pads. The patterned holes  in the resist were etched using  RIE. The microscope-image of 
patterned holes is shown in Fig. 4.21. After dry etching of 200 nm-SiO2 layer, the thin layer 
of HSQ in the contact holes was also removed using RIE.  A 300 nm-thick layer of Al was 
deposited on the surface using EB evaporator. The cross-section in Fig. 4.22 shows a good 
step coverage of the evaporated Al over a patterned PECVD-SiO2 layer on the silicon sample. 
The Al layer was then patterned in the second photo-lithography step (Fig. 4.2 (c)) using 
S1813 photo-resist mask and wet etching of Al for making contact pads and wiring. The 
microscope and SEM images of the patterned Al layer are shown in Fig. 4.23. 
 
     
 
     
 
Fig. 4.18 The HSQ surface due to different RIE time steps 
 
60 sec                                50 sec                                40 sec                               
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                                    (a)                                                                                       (b) 
Fig. 4.19 Etched beams using HSQ mask (a) w=15 nm, g=160 nm and 
(b) w=45 nm, g=80 nm, l (left)=400 nm, l (right)=2000 nm 
 
 
Fig. 4.20 The cross-section of the patterned SOI beam using AFM along the cutline in the AFM 3D image 
 
 
Fig. 4.21 Patterned contact holes in the deposited PECVD-SiO2 layer 
Contact hole 
Silicon 
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Fig. 4.22 The step coverage of evaporated Al over the patterned PECVD-SiO2 layer on a silicon sample 
 
       
Fig. 4.23 The microscope (left) and SEM (right) images of the patterned wiring in the deposited Al layer 
 
   The third photo-lithography step (Fig. 4.2 (d)) was done for the sample A to open a window 
in  the  photo-resist  above  the  beam  for  its  subsequent  suspension  using  vapor  HF.  The 
microscope-image of the patterned window in resist is shown in Fig. 4.24. Unlike liquid HF, 
vapor HF is not selective to S1813 photo-resist and it etched the photo-resist as well as the 
SiO2 layer. Due to this effect, the surface especially near some of the beams could not be 
cleared  of  resist  residues  after  plasma  ashing  the  photo-resist  as  shown  in  Fig.  4.25. 
Subsequent annealing of the sample at 400 °C for 20 minutes in an ambient of forming-gas 
(96%N2/4%H2)  was  done  in  collaboration  with  Dr.  Kanad  Mallik  to  reduce  the  contact 
resistance  between  Al  and  silicon.  Without the  forming-gas  annealing  (FGA),  the  ohmic 
contact between Al and silicon will be very poor and makes the FGA after the metallization a 
vital step in the fabrication process [147]. 
 
 
Fig. 4.24 The patterned window in the photo-resist above the beam 
Al wiring 
Al 
PECVD-SiO2 
Silicon 
Oxide 
PECVD-SiO2 
Al 
Contact hole 
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Fig. 4.25 Photo-resist residues on the surface of the sample A 
 
   For optimizing the fabrication process, different conditions were used for the samples after 
the RIE step for the contact holes. Different conditions for the samples are shown in Table 
4.4. The sample A showed a good contact between silicon and Al for only a few of devices 
after characterizing the final devices in the next chapter. This is due to the possible existence 
of thin HSQ layer or a native oxide layer on silicon. For this reason BHF 20:1 was used for 1 
minutes and 30 seconds, 2 minutes and 3 minutes for the samples B, C and D respectively to 
remove  the  possible  HSQ  and  native  oxide  layer  on  silicon  just  before  transferring  the 
samples to the EB evaporator for the deposition of Al.  
 
 Table 4.4 The fabrication steps of four samples after the RIE step for contact holes 
Process  Sample A  Sample B  Sample C  Sample D 
      Set A  Set B  Set C
*  Set D 
HSQ removal using RIE         
HSQ removal using BHF 20:1         
3rd photo-lithography             
Suspension using BHF 20:1              
Suspension using vapor HF in 
the presence of photo-resist 
           
Suspension using vapor HF in 
the absence of photo-resist 
           
 
FGA             
                     * The vapor HF etcher’s reservoir was filled with fresh etchant. 
 
   To avoid the photo-resist residues on the surface and beams of the sample A, the third 
photo-lithography step was ignored for the sample B and beams were suspended using vapor 
HF in the absence of photo-resist. This was done knowing that vapor HF was selective to Al 
[141],[148],[149]. Even the surface was cleared of resist residues, it was still contaminated 
(Fig. 4.26 (a)) and it was assumed it could be due to the long exposure of the silicon surface 
to vapor HF. In order to reduce the exposure time and decrease the contamination effect in 
the sample B, an alternative method was used for the suspension of the beam in the sample C. 
In this method BHF 20:1 was used first after the third photo-lithography step to remove the 
photo-resist  
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200 nm-thick PECVD-SiO2 layer that was deposited on the beams previously and then using 
vapor HF for the suspension. After BHF etching of the SiO2 layer, the sample was cut to sets 
A and B. It was expected that by reducing the exposure time, the resist will be less affected 
by vapor HF and therefore the exposure to vapour HF for the set A was done in the presence 
of photo-resist. Unfortunately the resist residues were still available for the set A even with a 
short exposure time of resist to vapour HF. So for set B, the same method of the set A was 
used except that the vapor HF suspension was done after removing the photo-resist by plasma 
asher. Some of the beams and their side electrodes in the sets A and B were etched mainly by 
liquid HF as shown in Fig. 4.26 (b).  
   It was  noticed that  filling the  vapor HF etcher’s reservoir with  fresh etchant made the 
problem of contamination in the sample B resolved to some extent. The sample D contained 
two sets of devices and it was cut to two sets: set D and set C.  The same method for the 
sample B was applied for the set C and consequently all of the beams and electrodes in this 
set  were  well-defined  with  less  surface  contamination  in  comparison  with the  sample  B. 
Another alternative method is using liquid HF for the suspension of beams. So the beams in 
the set D were released using BHF 20:1 through the patterned windows in the photo-resist as 
liquid  HF  is  not  selective  to  Al.  The  only  problem  with  this  method  is  the  bending  of 
especially longer beams towards the side gate or the substrate as shown in Figs. 4.27 (a) and 
4.27 (b), respectively. Therefore in conclusion, using vapor HF for the suspension of beams 
in  the  absence  of  any  protective  resist  is  an  easy  and  producible  method  for  different 
dimensions of beams. FGA for the samples were done at 400-450 
oC for 20-40 minutes. The 
best fabricated CC NEM structures from sets B, C and D are shown in Fig. 4.28. The best 
fabricated  FF  NEM  structures  are  also  shown  in  Fig.  4.29.  The  details  of  the  optimized 
fabrication steps for the sample D is shown in Table 4.5. 
 
      
                                                    (a)                                                                  (b) 
Fig. 4.26 (a) The contaminated silicon surface of the sample B, and 
(b) the etched beam and side electrode in the sample C  
Contaminated 
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                                                      (a)                                                            (b) 
Fig. 4.27 The effect of liquid HF suspension in the sample D-set D: Bending of the beam 
(a) with l=1500 nm, w=45 nm, g=80 nm towards the side gate, and  
(b) with l=7.20 µm, w=135 nm, g=80 nm towards the substrate  
 
       
Sample C-set B 
       
Sample D-set C  
     
Sample D-set D  
Fig. 4.28 SEM views of CC NEM structures with l=1500 nm, w=75 nm and g=80 nm 
Al 
Si 
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       Sample C-set B (g=120 nm)                 Sample D-set C (g=80 nm)              Sample D-set D (g=120 nm) 
Fig. 4.29 SEM views of FF NEM structures with l=1000 nm, w=135 nm, ls=1192 nm and ws=81 nm 
 
4.3  Fabrication of  IP R-NEM sensors 
   The  mask  layout  of  the  IP  R-NEM  sensor  includes  variations  of  beam  dimensions, 
electrode length, channel length of MOSFET, gap size, doping strategies and contact pads’ 
configuration. The details of mask layout and the simplified fabrication process are given in 
the following sections. 
 
4.3.1 Mask layout 
   The  mask  layout  includes  mainly  the  IP  R-NEM  sensor  with  the  working  in-plane 
frequency  range,  f0,  of  98.2  MHz-2.3  GHz  using  Cadence-Virtuoso  Layout  [150]  (see 
Appendix A.5) based on the available fabrication technology process at CEA-LETI. A few 
number of the mask layers were generated automatically but the rest of layers were defined in 
the  layout design. Figure 4.30 shows the  layout of the IP R-NEM sensor and  its wiring. 
Sensors in the layout have two configurations as shown in Fig. 4.31. In Fig. 4.31 (a), a back 
gate is considered on the SOI for biasing the body while in Fig. 4.31 (b) the back gate is 
ignored. The variations of dimensions for the sensor are shown in Table 4.6. 65 devices with 
different dimensions are designed in each chip to cover different possible dimensions and 
configurations for the sensor. 
   Based on the configuration of contact pads for the suspended beam in Fig. 4.31, it is not 
possible to probe the beams in both ends to check their characteristics. For this reason a few 
NEM structures with the layout of Fig. 4.10 and the same dimensions of beams for IP R-
NEM sensors are included in the layout. For doing a complete investigation on the beams’ 
characterization in CEA-LETI’s platform the variation of dimensions for the beams in NEM 
structures are same as Table 4.2 for the frequency range of 98.3 MHz-4.4 GHz.  
 
Main beam 
Support beam 
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Table 4.5 The details of fabrication process steps for the NEM structures in the sample D 
 
Step  Properties  More Details 
Wafer cleaning  Fuming nitric acid (FNA) for 15 min,  
BHF 20:1 for 20 sec  
SOI thickness=100 nm, 
BOX thickness= 200 nm, 
Oxidation  Gas=O2 , temp=950
  oC , duration=30 min  SiO2 thickness= 100 nm, 
SOI thickness=50 nm 
Ion implantation  Acceleration voltage= 90 keV,  
dopant= phosphorous, doping= 1×10
15 cm
-3 
 
Wafer cleaning  FNA for 15 min    
Furnace annealing  Gas=N2, temp= 1000
oC, duration= 30 min    
SiO2 layer removal  BHF 20:1 for 4 min and 10 sec  SiO2 thickness= 100 nm, 
Etch rate=24 nm/min 
Wafer cleaving  To sample sizes of 3.5×3.5 cm
2     
Sample cleaning  FNA for 15 min, BHF 20:1 for 20 sec   
Sample dehydration  Oven bake for 2 hr, temp= 210 
oC   
EB lithography    HSQ coating at 5000 rpm for 60 sec, 
pre-bake at 80 
oC for 4 min, 
exposure dose: 900-1000 μC/cm
2, 
development: MF319 for 1 min and 40 sec, 
rinse: DI water for 60 sec, 
post bake at 250 
oC for 4 min and 30 sec 
Patterning Silicon 
HSQ thickness=63-65 nm 
 
RIE of Silicon   Duration= (1st
 step) 30 sec+(2nd step)15 sec,  
SF6/O2= 36 sccm/36 sccm, RF power=100 watt,  
pressure=30 mTorr 
Etch rate= ~107 nm/min, selectivity= 8:1 
PECVD of SiO2  SiO2 thickness= 200 nm    
Sample dehydration  Oven bake for 30 min, temp=120 
oC   
Photo-lithography  
 
S1813 coating at 5000 rpm for 30 sec, 
pre-bake at 115 
oC for 1 min, 
exposure duration: 2 sec, 
applied pressure for hard contact: 0.5 bar,
 
development: MF319 for 40 sec, 
rinse: DI water for 30 sec, 
post bake at 115 
oC for 4 min 
Mask 1: Patterning contact holes 
S1813 thickness=1 µm 
 
RIE of SiO2  Duration= 8 min, Ar/CHF3= 38 sccm/12 sccm,  
RF power=200 watt, pressure=30 mTorr 
Etch rate= 25 nm/min 
HSQ removal  BHF 20:1 for 2 min   HSQ thickness=40-50 nm 
S1813 removal  Gas=O2, duration=10 min  Plasma asher 
EB evaporation  Metal= Al, thickness=300 nm   
Sample dehydration  Oven bake for 30 min, temp=120 
oC   
Photo-lithography 
 
S1813 coating at 5000 rpm for 30 sec, 
pre-bake at 115 
oC for 1 min, 
exposure duration: 2 sec, 
applied pressure for hard contact: 0.5 bar,
 
development: MF319 for 40 sec, 
rinse: DI water for 30 sec, 
Mask 2: Patterning contact pads and wiring 
 
S1813 thickness=1 µm 
 
Al etching  Al etchant for 3 min, temp=30 
oC  Etch rate= 100 nm/min 
Resist removal  Gas=O2, duration=10 min  Plasma asher 
Photo-lithography
* 
 
 
S1813 coating at 5000 rpm for 30 sec, 
pre-bake at 115 
oC for 1 min, 
exposure duration: 2 sec, 
applied pressure for hard contact: 0.5 bar,
 
development: MF319 for 40 sec, 
rinse: DI water for 30 sec, 
post bake at 115 
oC for 4 min 
Mask 3: Window opening for beam release 
 
S1813 thickness=1 µm 
 
Beam release  Vapor HF,  temp=45 
oC  for 3 min or  
BHF 20:1 for 4 min  
Etched SiO2 thickness=300 nm 
Resist removal  Gas=O2, Duration=10 min  Plasma asher 
Sample cleaning  Ultra-violet ozone cleaning for 10 min   
Furnace annealing  Gas= forming-gas (24:1 N2/H2), 
temp=400 
oC, Duration=20 min 
 
* To use vapor HF for the suspension of the beams, this step was skipped. CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
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Fig. 4.30 The mask layout for the IP R-NEM sensor 
 
 
                                                          (a)                                                            (b) 
Fig. 4.31 Different configurations for the IP R-NEM sensor in the mask layout:  
(a) Without and (b) with the back gate 
 
Table 4.6 Dimensions for IP R-NEM sensors 
 
4.3.2 Fabrication process 
   The CEA-LETI’s fabrication process is based on the SOI technology. The thickness of SOI 
and BOX  layers are 40 nm and 145  nm, respectively. P-type doping of P=10
15 cm
-3 and
 
P=10
16 cm
-3 are considered for the SOI wafers.
 The fabrication steps are shown in Fig. 4.3.
 
l  lC  g   w 
1000, 1250, 1500, 1750, 2000 nm
   250, 500,  750, 1000, 1250 nm   80, 140, 200 nm  45, 75, 105, 135 nm  CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
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The SOI wafers are implanted with different dopings of
   P
+=10
19 cm
-3 and
 N
+=4×10
19 cm
-3 
except for the channels of the MOSFETs that are protected by resist in Fig. 4.3 (a). Then the 
heavily-doped silicon is patterned and the beam is released using vapor HF in Fig. 4.3 (b).
 
Due to the oxidization step (Fig. 4.3 (c)), a 15 nm layer of thermal oxide is grown on the 
surface of the patterned silicon especially around the suspended beam for passivation and 
minimizing of the silicon surface states [151]. The
 two doping strategies for the IP R-NEM 
sensor are shown in Fig. 4.32. For the first strategy in Fig. 4.32 (left), the whole structure has 
the doping of P
+=10
19 cm
-3 except the channel of the MOSFET with the doping of P=10
15 cm
-
3.  For  the  second  strategy  in  Fig.  4.32  (right),  the  whole  structure  has  the  doping  of 
N
+=4×10
19 cm
-3 except the MOSFET-channel
 with the doping of
 P=10
16 cm
-3. In Fig. 4.3 (d), 
poly  silicon  is  deposited  to  fill  the  etched  area  around  the  beam  followed  by  a  step  of 
chemical-mechanical  polishing/planarization  (CMP).  Poly  silicon  protects  the  beam  from 
further processing steps. Contact holes above the silicon pads are opened by etching poly 
silicon  with  the  etch  stop  layer  of  thermal  oxide  (Fig.  4.3  (e).  In  Fig.  4.3  (f),  oxide  is 
deposited and contact holes are patterned in oxide as shown in Fig. 4.3 (g). Al is deposited 
and patterned for contact pads and wiring in Fig. 4.3 (h). In the final step as shown in Fig. 4.3 
(i), a window is opened in oxide and poly silicon above the beam for the suspension of the 
beam using xenon difluoride (XeF2). The SEM view of the RF measurement pad, the opened 
window in oxide and poly silicon above the beam for its suspension, and the IP R-NEM 
sensor are shown in Figs. 4.33 (a), 4.33 (b) and 4.33 (c), respectively.  
 
 
Fig. 4.32 Two doping strategies for the IP R-NEM sensor CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
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(a) 
     
                      (b)                                                                     (c) 
Fig. 4.33 The SEM view of (a) the RF pad for gas-detecting application, (b) the opened window in oxide 
and poly silicon for the suspension of the beam, and (c) the IP R-NEM sensor 
 
   A cross-section is done using focused ion beam (FIB) in collaboration with Mr. Marek E 
Schmidt along the line in Fig. 4.34 (left). The cross-section in Fig. 4.34 (right) shows the 
thickness of 1 µm for oxide, 230 nm for poly silicon, 134 nm for the BOX layer, 480 nm for 
Al and 55 nm for the SOI layer.     
 
 
Fig. 4.34 The cross-section of the IP R-NEM sensor (right) along the dotted line (left) CHAPTER 4 In-plane resonant NEM sensor: Fabrication 
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4.4  Summary 
   In  this  chapter,  the  post  processing  on  NW  devices  was  first  presented.  NWs  were 
suspended  using  liquid  and  vapor  HF  and  their  characteristics  are  compared  in  the  next 
chapter.  Vapor  HF  provided  the  suspension  of  NWs  without  any  polymer  contamination 
compared to the liquid HF. Then the mask layout design and fabrication process of CC and 
FF  NEM  structures  were  presented.  Vapor  HF  release  of  beams  provided  more  reliable 
suspension  method  for different dimensions of  beams  because  it reduced the problem of 
bending and stiction for long beams after the suspension. Finally, the mask layout based on 
the fabrication process technology at CEA-LETI was designed for the IP R-NEM sensor and 
the fabrication process was explained afterwards. The characterization of the post-processed 
and fabricated devices are presented and discussed in the next chapter. 
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CHAPTER 5 
In-plane resonant NEM sensor: 
Characterization 
 
 
   Characterization  of  the  devices  that  were  explained  in  the  previous  chapter  will  be 
discussed in this chapter in the same order. The DC characterization of nano-wires (NWs) are 
first conducted before and after their suspension using both liquid and vapor hydrofluoric 
(HF) etching and followed by their radio-frequency (RF) measurement. In the second step, 
the  DC  and  RF  characterization  for  nano-electro-mechanical  (NEM)  structures  are  done. 
Finally, the DC characterization of in-plane resonant NEM (IP R-NEM) sensors that includes 
the  characterization  of  suspended  beams  and  integrated  metal-oxide-semiconductor  field-
effect-transistors (MOSFETs) are done in order to optimize the applied biasing voltages to 
the MOSFET for the subsequent RF measurement. Some simulations are done to validate the 
DC characterization results of the fabricated sensors.  
 
5.1  Characterization of NWs 
   The DC characterization of NWs in two stated chips in section 4.1 was conducted using 
Cascade R32 REL3200 probe-station. NWs have the SOI thickness, t, of 53 nm, width, w, 
gap, g, of 100 nm and different lengths, l, of 500 nm, 1000 nm, 1500 nm and 2000 nm. The 
DC voltage across NWs was swept from -8 mV to 8 mV.  CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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   The current of the non-suspended NWs in both chips versus the applied voltage are shown 
in Fig. 5.1. In Fig. 5.1, by reducing the length of NWs in both chips, the current at non-zero 
voltages  increases  and  results  in  smaller  resistance  that  is  consistent  with  the  following 
equation [152]: 
A
l
R



                               (5-1) 
where l and  A denote, the length in the direction of current flow and the cross-sectional 
area, respectively and   is the resistivity of the NW. The current in the order of 10
-10 A for 
the  voltage  of  0  V  is  measured  for  NWs  in  both  chips  in  Fig.  5.1.  The  spikes  in  the 
characteristics of NWs in both chips may be explained due to the effect of trapped charges on 
the surface of NWs. The linear dependencies of the resistance of NWs in each chip to their 
length are shown in insets to Fig. 5.1. 
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Fig. 5.1 The current versus voltage for NWs with different lengths, and the resistance of NWs versus 
length in inset to figures 
 
   The  calculated  resistance  for  non-suspended  NWs  in  chip  1,  using  eq.  (5-1)  and  the 
measured resistance from characteristics in Fig. 5.1, are shown in Table 5.1. The  value of 
3×10
-5  Ω.m  was  used  in  eq.  (5-1)  for  the  assumed  ND  doping  of  2×10
19  cm
-3  for  NWs. 
Measured resistances are about one order of magnitude larger than the calculated resistances 
and shows the smaller doping than the defined doping of 2×10
19 cm
-3 for the fabricated NWs. 
The same fact was found for NWs in chip 2. The current leakage from side gates (gate1/gate2 
in Fig. 4.4) to the NW with l=2000 nm in chip 1 was measured. The leakage current from the 
gates to the NW is shown in Fig. 5.2 and it is in the order of 10
-14 A for both gates. The 
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leakage current from gates to the NW with the same length in chip 2 was measured in the 
order of 10
-13 A for both gates. 
 
Table 5.1 Comparison of the calculated and measured resistances of NWs in chip 1 
   
l (nm)  Calculated resistance (Ω)  Measured resistance (Ω) 
500   2830.18  55749.12 
1000   5660.37  69565.21 
1500   8490.56  99071.20 
2000   11320.75  110880.11 
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Fig. 5.2 The leakage current versus voltage from gate 1 (left) and  
gate 2 (right) to the NW with l=2000 nm in chip 1 
 
   The non-suspended NWs in chip 1 were suspended using BHF 20:1 as explained in section 
4.1. The DC characterization was conducted on them to investigate the effect of suspension 
on their characteristics. The current versus applied voltage for NWs with different lengths are 
shown in Fig. 5.3. The current in the order of 10
-9 A was measured for NWs at the zero 
voltage in Fig. 5.3 that is one order of magnitude larger than the equivalent value in Fig. 5.1. 
This is due to the trapped charges in the native oxide layer around the nano-wire and to 
reduce  this  effect,  the  oxide  was  passivated  with  the  additional  annealing  step  that  was 
explained in section 4.1. The current versus the applied voltage for NWs after annealing are 
shown in Fig. 5.4 and compared to non-suspended NWs. The annealing step reduced the 
current at zero voltage a bit compared to the equivalent value in Fig. 5.3 but it was still in the 
order of 10
-9 A. It was expected that the suspended NWs would show a smaller current than 
the current through  non-suspended NWs at  non-zero voltages due to their smaller  cross-
section after the suspension. Contrary to this expectation, Fig. 5.4 shows a larger current for 
the suspended NWs that were due to the leakage current from NWs to side gates. The leakage 
current from side gates to the NW with l=2000 nm is shown in Fig. 5.5 that is in the order of CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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nA which is five orders of magnitude larger than the leakage current of non-suspended NW 
in Fig. 5.2.  
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Fig. 5.3 The current versus voltage for the suspended NWs with different lengths 
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Fig. 5.4 Comparison of the current versus voltage for NWs with different lengths before and after the 
suspension using BHF and subsequent annealing  
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Fig. 5.5 The leakage current versus voltage from gate 1 and gate 2 to the suspended NW with l=2000 nm  CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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   After using vapor HF for the suspension of non-suspended NWs in chip 2 as discussed in 
section  4.1,  the  DC  characteristics  of  suspended  NWs  were  measured  using  the  same 
measurement setup for the suspended NWs by BHF. Figure 5.6 shows the current of NWs 
before  and  after  the  suspension.  The  current  at  non-zero  voltages  for  NWs  with 
w=1000,1500,2000 nm is a bit smaller than the current of the non-suspended NWs that is 
more compatible with the expectation of reduction of the current due to the reduction of 
beam’s cross-section after the suspension. Not much difference in the current of suspended 
and non-suspended NWs is explained again because of the leakage current of 10
-9 A through 
side gates. The current of NW at zero voltage is measured in the order of 10
-9 A that is an 
order of magnitude larger than that of non-suspended NWs. The important point of using 
vapor HF for the suspension is that no further cleaning and annealing processes on NWs is 
necessary compared to the suspended NWs using BHF.  
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Fig. 5.6 Comparison of the current versus voltage for NWs with different lengths before and after the 
suspension by vapor HF 
 
   For the RF characterization of NWs, Agilent E8361A PNA network analyzer was used to 
measure S-parameters (see section 2.3.2.1) and the resonance frequency of the suspended 
NWs.  The  network  analyzer  works  in  the  frequency  range  of  10  MHz-67  GHz.  The 
measurement setup for NWs is shown in Fig. 5.7 (a). As NWs do not have the metal contact 
pads and the suitable pads configuration in Fig. 4.9, the chip was glued to a chip carrier (cc). 
The silicon pads of NWs were then wire bonded to the gold pads of the cc that was mounted 
on  the  prepared  circuit  board  (cb).  The  cb  has  two  sub-miniature  version  A  (SMA) 
connectors that were connected to the 1.8 mm RF cables from the network analyzer. Before CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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doing the measurement, a calibration was needed to remove the measurement errors caused 
by the imperfections in the instrument [153]. The two-port calibration was done using Agilent 
electronic calibration (Ecal-85060/90 Series) as shown in 5.7 (b) by connecting the RF cables 
to its SMA connectors. The range of frequency, number of points in the measurement, power 
of input AC signal and intermediate frequency (IF) bandwidth were defined before starting 
the calibration. Important to note that the calibration is valid only for the defined values and it 
should be repeated in the case of changing these values. Moreover, for this calibration the 
measurement reference plane is at the end of RF cables. 
 
   
                                                         (a)                                                                                       (b) 
Fig. 5.7 (a) The RF measurement setup for NWs, and  
(b) Agilent Ecal used for the calibration [153] 
 
   Using  the  cb,  cc  and  wire  bonding  added  some  un-wanted  parasitic  frequencies  to the 
resonance  frequencies  of  the NW  especially  at  higher  range  of  frequencies  that  is  really 
difficult to distinguish them from the real resonance frequency of the NW. To avoid these 
parasitic effects as much as possible, the longest NW with l=2000 nm was used for the RF 
measurement  that  has  the  lowest  resonance  frequency  of  218.392  MHz  based  on  the 
numerical  analysis.  To  be  able  to  differentiate  the  real  resonance  frequencies  of  the 
suspended NW from the parasitic frequencies, S21 signal (the transmitted signal from gate1 to 
the NW) was measured in five steps and its magnitude versus frequency for all of the steps 
are shown in Fig. 5.8. For all the measurement steps in Fig. 5.8, the AC voltage with the 
power of -10 dBmWatt, IF bandwidth of 500 Hz and number of point of 601 were applied 
based on the measurement setup in Fig. 5.7 (a). Note that, the power of -10 dBmWatt means 
10log(power/mWatt), so the power is calculated equal to 0.1 mWatt. The DC voltage in Fig. CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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5.7  (a)  is  applied  to  the  NW  using  Agilent  semiconductor  device  analyzer  B1500.  The 
measurement was done in the atmosphere and at room temperature.  
   Before  discussing  the  measurement  result  in  Fig.  5.8,  the  NW  was  simulated  using 
CoventorWare in the atmosphere and at room temperature to investigate S21 signal of the 
NW. The circuit model of the NW is shown in Fig. 5.9. The beam and a side electrode are 
defined using the components and the configuration that was discussed in section 3.5. For 
simplification, the second electrode is ignored as it is grounded in the measurement setup. 
Vdc=0-100 V is applied to the beam. For the two-port scattering analysis, Vac is applied to the 
NW within a range of frequency along with Vdc and S21 signal was measured at the output 
node shown by out in Fig. 5.9. Figures 5.10 (a) and 5.10 (b) show the magnitude and phase of 
S21 signal for the NW, respectively. The magnitude of S21 signal at the resonance frequency in 
Fig. 5.10 (a) increases while the resonance frequency decreases by increasing Vdc as was 
expected from Fig. 3.19. For Vdc<60 V, the magnitude of the peak at resonance frequency is 
much smaller than 1 dB. For Vdc=0 V, S21 signal does not show any peak at the resonance 
frequency. This fact is explained using eq. (2-3) in which the electro-static force becomes 
zero at the resonance frequency by applying Vdc=0 V.  
   In  Fig.  5.8,  first  S21  signal  was  measured  for  the  prepared  cb  that  consists  of  SMA 
connectors and the wiring (step 1). Then the cc, without any glued chip, was mounted on the 
cb and its S21 signal was measured (step 2). For the next step, a chip including (chip 2) non-
suspended NWs was glued to the cc and mounted on the cb followed by measuring its S21 
signal (step 3).  After that the non-suspended NWs were wire bonded to the cc and the S21 
signal was measured (step 4). Finally, NWs in chip 2 were suspended using vapor HF as 
explained in section 4.1 and wire bonded to the cc and mounted on the cb. Then the S21 signal 
was measured for this step (step5). In Fig. 5.8, the S21 signal for the suspended NW in the 
step 5 shows a large peak at 273 MHz that is specified by a dotted circle and at first assumed 
to be the possible resonance frequency of the suspended NW. This assumption was due to the 
fact that the peak showed the magnitude and phase of the expected S21 signal at resonance 
frequency as discussed previously for Fig. 5.10 and had a resonance frequency value near the 
numerical value of 218.392 MHz. The difference in the measured and calculated resonance 
frequency  is explained  by the difference  in the  dimensions of  beam  in  layout and  in the 
fabricated device. Later on, due to the repetition of the peak shown in Fig. 5.8 for the S21 
signal of other four steps, this assumption was found not to be valid. Moreover, the total 
quality factor, QTotal, is ~4 that is very low compared to the numerical equivalent value of 
4.5×10
3 based on formulas in section 3.3. In order to investigate this case more precisely CHAPTER 5 In-plane resonant NEM sensor: Characterization 
 
106 
while considering the effect of DC biasing voltage of the NW on the resonance frequency, 
different DC voltages from 0-40 V was applied to the NW. If the specified peak for the S12 is 
due to the resonance frequency, its magnitude should be zero at Vdc=0 V and increase by 
increasing Vdc as discussed for Fig. 5.10 (a). The S21 signal of step 5 for Vdc=0-40 V is shown 
in Fig. 5.11. Figure 5.11 shows that the specified peak by dotted circle at 273 MHz is not zero 
at Vdc=0 V and changes of its magnitude due to changes of Vdc is very small and obscure. For 
this reason, the S21 signal at Vdc=10-40 V was subtracted from the S21 signal at Vdc=0 V, ΔS21 
signal, as shown in Fig. 5.12 (a) to remove the possible parasitic effects and clearly see the 
dependency of a resonance peak to Vdc. The phase of ΔS21 signal is shown in Fig. 5.12 (b) for 
different Vdc. The ΔS21 signal for all voltages in Fig. 5.12 (a) shows two peaks around 194 
MHz and 278 MHz.  
   The ΔS21 signal versus frequency for the suspended NW using BHF in chip 1 with l=2000 
nm is shown in Fig. 5.13 using the same measurement setup for Fig. 5.12. Figure 5.13 also 
shows the peaks around 194 MHz and 278 MHz same as Fig. 5.12 (a). To investigate the 
origin of these peaks, the same measurement was repeated for two non-suspended NWs in 
Fig. 5.14 with the same dimensions as the previously measured suspended NWs in chip 1 and 
2. Non-suspended NWs show peaks very close to peaks in Figs. 5.12 (a) and 5.13. As a 
result, these peaks are not due to the mechanical resonance of NW but due to the extra wire-
bonding of NW and using of cb and cc especially when the calibration was done at the end of 
RF cables. The parasitic frequencies can be avoided by designing a metal pad for devices that 
fits the RF measurement requirements and doing a calibration much nearer to the device. 
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Fig. 5.8 The magnitude of S21 signal for 5-step measurement of the suspended NW  
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Fig. 5.9 The circuit model using CoventorWare for the NW for extracting S-parameters 
 
210 215 220 225 230 235
-116
-115.5
-115
-114.5
Frequency (MHz)
S
2
1
 
(
d
B
)
 
 
Vdc=0 V
Vdc=20 V
Vdc=40 V
Vdc=60 V
Vdc=80 V
Vdc=100 V
 
210 215 220 225 230 235
82
83
84
85
86
87
88
89
90
91
Frequency (MHz)
S
2
1
 
p
h
a
s
e
 
(
d
e
g
)
 
 
Vdc=0 V
Vdc=20 V
Vdc=40 V
Vdc=60 V
Vdc=80 V
Vdc=100 V
 
                                             (a)                                                                                    (b) 
Fig. 5.10 S21 signal for the simulated NW: (a) The magnitude and (b) phase for different Vdc 
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Fig. 5.11 The magnitude of S21 signal for the suspended NW of chip 2 in step 5 for different Vdc 
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                                          (a)                                                                                      (b) 
Fig. 5.12 ΔS21 signal for the suspended NW of chip 2 in step 5: (a) The magnitude and (b) phase for 
different Vdc 
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Fig. 5.13 The magnitude of ΔS21 signal for the suspended NW with l=2000 nm in chip 1 of step 5 for 
different Vdc 
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Fig. 5.14 The magnitude of ΔS21 signal for the non-suspended NWs with l=2000 nm 
in step 4 for different Vdc 
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5.2  Characterization of NEM structures 
   The DC  characterization of NEM  structures  in  Fig. 4.10 was done using Cascade R32 
REL3200 probe-station. NEM structures have t=50 nm, w=45-135 nm, l=400-2000 nm, g=80 
nm and ND doping of 2×10
19 cm
-3. As discussed in section 4.2.2, the effect of forming-gas 
annealing  (FGA)  on  the  contact  resistance  between  Aluminium  (Al)  and  silicon  and 
consequently characteristics of suspended beams are investigated. The DC voltage across the 
beam with w=105 nm and l=1000 nm was swept from -10 mV to 10 mV before and after 
FGA and the current versus voltage is shown in Fig. 5.15. The current increases near two 
orders of magnitude after the annealing that means a reduction of contact resistance between 
Al and silicon. As a result, FGA is an important step in the fabrication process. 
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Fig. 5.15 The current of the beam with w=105 nm and l=1000 nm versus voltage before and after FGA 
 
   Among the devices in the fabricated six sets in section 4.2.2, a few of the suspended beams 
show  the  linear  characteristics  for  the  beams.  Figures  5.16  (a)  and  5.16  (b)  show  DC 
characteristics  of  beams  with  w=105,  l=1000,  2000  nm  and  w=135  nm,  l=400,  800  nm, 
respectively. The measured resistance values with respect to Fig. 5.16 (a) are three orders of 
magnitude larger than the calculated resistance using eq. (5-1) while for the beams in Fig. 
5.16  (b), the  measured  and  calculated  resistance  were  in  the  same  order. The  calculated 
resistance for the beam with l=2000 nm in Fig. 5.16 (b) gives  =6.91×10
-5 Ω.m respect to 
eq. (5-1) that shows the ND doping of 7.92×10
19 cm
-3. The derived ND doping for the beam is 
similar to the expected doping value for the SOI layer. Figure 5.17 shows the non-linear 
characteristics of the beams with w=135 nm for different lengths by sweeping the voltage 
from -5 V to 5 V across the beam.  The high difference between the measured and calculated 
resistance in Fig. 5.16 (a) and the non-linear characteristics in Fig, 5.17 is mainly due to the 
high  contact  resistance  between  the  Al  and  silicon  in  contact  holes.  Even  though  in  the CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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fabrication process the BHF etching was done to remove any layer above the silicon at the 
contact holes just before the evaporation of Al and final FGA was done in order to reduce the 
contact resistance (see section 4.2.2). The following solutions should be considered for the 
improvement of the ohmic contact between Al and silicon. The temperature of 400-450 
oC 
was used for FGA of fabricated devices in section 4.2.2. A lower temperature annealing than 
350 
oC improves the contact resistance between Al and silicon because the Schottky barrier 
height of A1 contact to N-type silicon can increase by annealing in the temperature range of 
350-550 
oC [154]. As another alternative a SOI wafer with higher doping than 2×10
19 cm
-3, 
6×10
19 cm
-3,
 is used to make a better ohmic contact between Al and silicon.  
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Fig. 5.16 The current of the beam versus voltage with different lengths and: 
 (a) w=105 nm and (b) w=135 nm  
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Fig. 5.17 The non-linear characteristics of beams with w=135 and different lengths due to the high contact 
resistance between Al and silicon 
 
   For the RF characterization of NEM structures, Cascade SUMMIT 12000B probe station 
was used. Same as in the RF characterization for NWs, S-parameters for NEM structures 
were measured using Agilent E8361A PNA network analyzer. Ground-signal-ground (GSG) 
probes with the pitch of 150 µm were used for the measurement that fit the designed RF pads CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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in  Fig.  4.9.  The  two-port  calibration  was  done  using  the  Cascade  impedance  standard 
substrate (ISS) [155] in Fig. 5.18 (a) at the end of GSG probes.  The beam with w=135 nm, 
g=80 nm and l=2000 nm with the DC characteristics in Fig. 5.16 (b) was used for the RF 
measurement that has the resonance frequency of 285 MHz based on the numerical analysis. 
The AC voltage with the power of -10 dBmWatt, IF bandwidth of 500 Hz and number of 
point of 601 were applied based on the measurement setup in Fig. 5.18 (b). The DC voltage is 
applied to the beam using Agilent semiconductor device analyzer B1500. The measurement 
was done in the atmosphere and at room temperature.   
   The magnitude of S21 signal versus frequency is shown in Fig. 5.19 (a) for different DC 
voltages. The smith chart of S11 signal for the NEM structure at Vdc=20 V and in the same 
range of frequency of Fig. 5.19 (a) is shown in Fig. 5.19 (b). Respect to Fig. 5.19 (b) and the 
explanation  of  the  smith  chart  in  section  2.3.2.1,  the  device  works  in  the 
“capacitive+resistive”  region.  By  using  eqs.  (2-12)  and  (2-15)  and  Γin=0.95-1.19j  for  the 
device at the frequency of 285 MHz in Fig. 5.19 (b), the capacitance value of 1.13 pF is 
calculated. None of the peaks of S21 signal in Fig. 5.19 (a) show the zero magnitude at Vdc=0 
V. Therefore these peaks are not due to the resonance of the beams. So the magnitude and 
phase of ΔS21 signal versus frequency for different Vdc voltages are shown in Figs. 5.20 (a) 
and 5.20 (b) respectively to remove the parasitic effects induced by the measurement setup 
and find the resonance peak. It is not easy to distinguish the resonance peak in Fig. 5.20 (a) 
from the background noise signal. In order to explain this effect, the NEM structure with the 
current dimensions is compared to the 14-MHz in-plane NEM resonator by C. Durand et. al 
in Fig. 5.21 (a) [156]. Their resonator consists of a vibrating gate and a resonant suspended 
gate  MOSFET  (RSG-MOSFET)  that  is  fabricated  using  silicon-on-nothing  (SON) 
technology. The vibrating gate has the dimensions of w=165 nm, t= 400 nm, g=120 nm and 
l=10  µm  and  measured  parameters  for  the  RSG-MOSFET  resonator  are:  f0=14.43  MHz, 
Rx=736 kΩ, Cgap0=21.5 fF, QTotal=700. The electrical setup for the capacitive detection of the 
RSG-MOSFET resonator in Fig. 5.21 (a) is similar to  the setup for the NEM structure in Fig. 
5.18 (b) and it shows 2 dB for the magnitude of the transmission signal in this setup as shown 
in  Fig.  5.21  (b).  With  respect  to  Fig.  2.21,  the  equivalent  circuit  model  at  resonance 
frequency for a resonator consists of a parallel motional resistance, Rx, and Cgap that were 
studied in section 3.2.  Considering the Cgap0 in the order of atto F for the NEM structure, the 
magnitude of the transmission signal is strongly dependent to Rx that this dependency was 
also explained in section 2.3.2.5.  CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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   In order to compare the motional resistance of the NEM structure to the RSG-MOSFET, the 
ratio of key factors for the NEM structure including f0, QTotal, m0 and η to the equivalent 
values for the RSG-MOSFET that are 0 f ,  Total Q ,  0 m  and  are calculated in Table 5.2 using 
eqs. (3-7), (3-13) and (3-15). Based on the ratios of  0 0 / f f ,   Total Total Q Q  / ,  0 0 /m m  and     /  
in Table 5.2,  x x R R  /  is calculated using eq. (3-11). With respect to Table 5.2, Rx for the NEM 
structure that works in the atmosphere is higher than  x R  of the RSG-MOSFET and causes 
higher signal drop across it and consequently smaller output signal than the 2 dB-magnitude 
transmission signal of the RSG-MOSFET in Fig. 5.21 (b). This reason explains the difficulty 
in distinguishing the resonance peak with very small magnitude from the back ground noise 
signal in Fig. 5.20 (a). In order to reduce Rx and improve the transmission signal for the NEM 
structure in Fig. 5.20 (a), the measurement should be done in high vacuum same as the RSG-
MOSFET. The effect of high vacuum on Rx of the NEM structure is shown in Table. 5.2. 
Important to note is that, the lower working pressure reduces Rx if QTotal is mainly dominated 
by air damping, QAir. For example QTotal for the NEM structure with w=135 nm and l=2000 
nm is dominated by anchor doping, QAnchor, and as shown in Table 5.2, its Rx is not reduced 
much by using high vacuum. In contrast, QTotal for the NEM structure with w=45 nm, g=80 
nm  and  l=400  nm  is  dominated  by  QAir  and  with  respect  to  Table  5.2,  by  doing  the 
measurement in high vacuum Rx reduces five orders of magnitude compared to its equivalent 
value in the atmosphere and consequently the magnitude of transmission signal improves 
from the magnitude of the signal in the atmosphere. Rx for the NEM structure with w=45 nm 
in  high  vacuum  is two orders of  magnitude smaller than that of the RSG-MOSEFT that 
means a larger magnitude for the transmission signal will be found for the NEM structure 
compared to the RSG-MOSFET. Important to note that this NEM structure also shows a 
larger QTotal than that of the RSG-MOSFET that makes it easy for the recognition of the 
resonance peak from the back ground noise signal. For further improvement of the signal is 
necessary to apply larger Vdc than 40 V to the beam that improves the magnitude of signal as 
was discussed in Fig. 5.10 but it causes the pull-in or breaking for the beam. The integration 
of the NEM structure with an MOSFET improves the transmission signal that is explained in 
the next section. Moreover, the impedance analyzer can be used as an alternative method for 
the measurement of the devices with large impedance as explained in section 2.3.2.2. 
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                              (a)                                                                                  (b) 
Fig. 5.18 (a) Cascade ISS used for the calibration [155], (b) the RF measurement setup for the NEM 
structure 
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Fig. 5.19 S-parameters for the NEM structure with w=135 nm, g=80 nm and l=2000 nm: (a) The 
magnitude of S21 signal versus frequency for different Vdc and  
(b) the smith chart for S11 signal at Vdc=20 V 
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Fig. 5.20 ΔS21 for the NEM structure with w=135 nm, g=80 nm and l=2000 nm: (a) The magnitude and  
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                                           (a)                                                                                      (b) 
Fig. 5.21 The 14-MHz RSG-MOSFET resonator [156]: (a) The electrical setup for the capacitive and 
MOSFET detections and (b) the transmission signal in both setups versus frequency 
 
Table 5.2 The analytical values for NEM structures in the atmosphere and vacuum based on 
equivalent values for the RSG-MOSFET 
Device  Beam 
dimensions 
Working 
pressure 
0 0 f f  /   b b m m  /   Total Total Q Q  /      /   x x R R  /  
RSG-
MOSFET 
w=165 nm, 
t=400 nm, 
l=10 µm, 
g=120 nm 
High vacuum 
(6×10
-4 Pa) 
1  1  1  1  1 
NEM 
structure 
w=135 nm, 
t=50 nm, 
l=2 µm, 
g=80 nm 
Atmosphere  21.2  0.02  0.013  0.57  100.3 
High vacuum  0.014  93.2 
w=45 nm, 
t=50 nm, 
l=400 nm, 
g=80 nm 
Atmosphere  204.4  0.001  0.005  0.57  125.8 
High vacuum  49.23  0.01 
 
5.3  Characterization of IP R-NEM sensors 
   IP R-NEM sensors were fabricated based on SOI technology with t=40 nm, w=45-135 nm, 
l=400-2000 nm, g=80-2000 nm and different doping strategies as shown in Fig. 4.33. In the 
beginning, the DC characterization for the beams with different doping types are done by 
sweeping the voltage from -10 mV to 10 mV across the beam with w=135 nm and different 
lengths. The current through beams with doping of N
+=4×10
19 cm
-3 and P
+=10
19 cm
-3 versus 
the applied voltage are shown in Figs. 5.22 (a) and 5.22 (b), respectively. In Fig. 5.22 (a), the 
current at zero voltage is in the order of 10
-8 A while in Fig. 5.22 (b) it is in the order of 10
-10 
A. The beams with N-type doping show larger current at non-zero voltages than that of P-
type beams due to the smaller resistivity of N-type doped silicon. The resistance of N- and P-
type beams versus their lengths are shown in Fig. 5.23 (a) and 5.23 (b), respectively. Using 
eq. (5-1), Fig. 5.23 (a) shows ρ value of 2.71×10
-3 Ω.cm that gives the doping concentration CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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of ~10
19 cm
-3 that is in the same order of previously stated doping. The ρ value of 5.92×10
-2 
Ω.cm for the beams in Fig. 5.23 (b) gives the doping concentration of ~5×10
17 cm
-3 that is 
two orders of magnitude less than the previously stated doping. By reducing the width of 
beams to 45 nm, the extracted doping  concentration will reduce. Fig 5.24 (a)  shows the 
current versus voltage for P-type beams with w= 45 nm and lengths from 400 nm to 1500 nm. 
The resistance versus length for P-type beams are shown in Fig. 5.24 (b). Using curve fitting 
to Fig. 5.24 (b), the doping concentration of ~9×10
16 cm
-3 is calculated that is smaller than 
the extracted value for the beams with w=135 nm. 
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Fig. 5.22 Comparison of the current versus voltage for beams with w=135 nm and different lengths of  
(a) N-type doping and (b) P-type doping  
 
400 600 800 1000 1200 1400 1600 1800 2000
2
3
4
5
6
7
Lenght (nm)
R
e
s
i
s
t
a
n
c
e
 
(
k

)
 
500 1000 1500 2000
60
80
100
120
140
160
Lenght (nm)
R
e
s
i
s
t
a
n
c
e
 
(
k

)
 
                                            (a)                                                                                     (b) 
Fig. 5.23 The resistance versus length of beams with w=135 nm for (a) N-type doping and  
(b) P-type doping 
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                                              (a)                                                                                 (b) 
Fig. 5.24 P-type beams with w=45 nm and different lengths: (a) The current versus voltage and 
(b) the resistance versus length  
 
   As discussed for the NEM structure in the previous section, a MOSFET is integrated with 
the beam for the IP R-NEM sensor in Fig. 4.31 to improve the magnitude of the transmission 
signal  in  vacuum.  With  respect  to  Fig.  2.32  and  eq.  (2-20),  the  output  signal  from  the 
resonator is amplified by the intrinsic gain of MOSFET, gm×ro where gm is transconductance 
and ro is the output resistance of MOSFET that is in parallel with the 50 Ω-output impedance 
of analyzer. By optimizing the applied bias voltages in DC characteristics of the MOSFET, 
the maximum value for gm is achieved that amplifies the input signal to the MOSFET as 
much  as  possible.  Based  on  the  fabrication  technology  at  the  Commissariat  à  l'Energie 
Atomique- Laboratoire d'Electronique et de Technologie de l'Information (CEA-LETI), after 
the implantation and drive-in steps for dopants, there is an estimated lateral diffusion length 
of 100 nm, so first the characterization of the MOSFET with the longest channel of 1250 nm 
was done to minimize the short channel effect.  The voltage of 0-0.1 V was applied to drain, 
Vd, for the enhancement-mode n-channel MOSFET (N
+/P/N
+-type) with channel length, lC, of 
1250 nm, l=2000 nm, w=135 nm and g=80 nm as shown in Fig. 5.25 (a). Id-Vd characteristics 
for the MOSFET for gate voltages, Vg=0, 20 V are shown in Fig. 5.25 (b). Figure 5.25 (b) 
shows that even at Vg=0 V, the channel is induced by the drain voltage that is explained by 
the  drain-induce-barrier-lowering  (DIBL)  or  punch  through  effect  [157].  Moreover, 
increasing of Vg to 20 V slightly changes the drain current in inset to Fig. 5.25 (b) that shows 
the  very  small  control  of  gate  over  the  channel.  To  investigate  these  effects,  Id-Vg 
characteristics of the MOSFET are shown in Fig. 5.26 for different Vd. The threshold voltage, 
Vt, of 1.75 V is analytically calculated using the following formula for the conventional long 
n-channel MOSFET [157]: CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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p A s
ox
p FB t 2 qN 2
C
1
2 V V   

                                                  (5-2) 
where  VFB  is  the  flat  band  voltage,  φp  is  the  substrate  potential,  ox C   is  the  gate  oxide 
capacitance per unit area that is calculated using eq. (2-6), silicon permittivity, εs, is 0.104 
fF/µm, electron charge, q, is 1.602×10
-4 fC and acceptor substrate doping, NA, is 10
16 cm
-3. 
Important  to  note  that,  only  by  applying  Vd  in  the  range  of  200  to  400  mV  the  carrier 
modulation in the channel of MOSFET was seen in Id-Vg characteristics.  With respect to Fig. 
5.26, MOSFET has the OFF-current in the order of mA and small ON/OFF current ratio for 
different Vd and the current is increased by increasing Vd due to the higher impact of drain 
over the channel instead of the gate. The threshold voltage of Vt≈9 V is found respect to the 
Vt extraction methods in [158] for the MOSFET in Fig. 5.25 that is much larger than the 
previously calculated Vt=1.75 V. The increase in the threshold voltage can not be explained 
with the DIBL effect which should cause reduction in the threshold voltage [157]. Further 
simulation  using  the  device  simulator  ATLAS  3D  [142]  for  the  MOSFET  is  done  for 
investigating  the  reason  of  high  threshold  voltage  and  OFF-current  later  in  this  section. 
Moreover, the reason for the reduction of of Vt by reducing Vd in Fig. 5.26 is discussed in the 
simulation results later. 
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Fig. 5.25 The N
+/P/N
+-type in-plane MOSFET: (a) Dimensions and the DC characterization setup  
and (b) the Id-Vd characteristic at Vg=0 and 20 V 
 
0.1 0.1 0.1 0.1 0.1
10
-2.501
10
-2.5
Vd (V)
I
d
 
(
A
)
 
 
Vg=0V
Vg=20 VCHAPTER 5 In-plane resonant NEM sensor: Characterization 
 
118 
   
0 5 10 15 20
7.91
7.915
7.92
7.925
7.93
7.935
Vg (V)
I
d
 
(
m
A
)
Vd= 200 mV
0 5 10 15 20
11.51
11.52
11.53
11.54
Vd=300 mV
Vg (V)
I
d
 
(
m
A
)
0 5 10 15 20
14.74
14.75
14.76
14.77
14.78
14.79
Vg (V)
Vd=400 mV
I
d
 
(
m
A
)
 
 
Fig. 5.26 The Id-Vg characteristic at different Vd for the N
+/P/N
+-type in-plane MOSFET  
with w=135 nm, g=80 nm and l=2000 nm 
 
   Id-Vg characteristics for the MOSFET with w=135 nm and different lC at Vd=300 mV are 
shown  in  Fig.  5.  27.  OFF-current  mostly  decreases  while  ON/OFF  current  ratio  and  Vt 
increase by increasing lC in Fig. 5.27 that is due to the reduction of drain impact on the longer 
channel. The fluctuation in the current by increasing lC is explained by the variation of the 
diffusion length of dopants in source and drain. 
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Fig. 5.27 The Id-Vg characteristic for the MOSFET with w=135, g=80 nm and different lC at Vd=300 mV 
 
   The transconductance versus Vg for the MOSFET is shown in Fig. 5.28 by taking derivative 
of Id-Vg characteristics  for different Vd  in  Fig. 5.26. Vd=400  mV at Vg=13.7 V gives the 
maximum gm of 1.5 µS for the MOSFET that is in the same order of measured gm for the 
RSG-MOSFET in Fig. 5.21 for the MOSFET detection setup that improves the transmission 
signal up to 4.3 dB. These biasing values will be used as the optimal values for drain and gate 
voltages in the subsequent RF measurement. By increasing the back gate voltage more than 
zero volts, gm is reduced while the OFF-current is not reduced much. Due to this fact the back CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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gate is grounded as well as the  source. Note that, using Vd=400  mV and  Vg=13.7 V the 
MOSFET works in the triode region as Vds<Vg-Vt. Further processing on the device is needed 
for improving its DC characteristics as discussed later. 
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Fig. 5.28 gm versus Vg at different Vd for the N
+/P/N
+-type in-plane MOSFET  
with w=135 nm, g=80 nm and l=2000 nm 
 
   In order to investigate the origin of high OFF-current, the leakage from source and drain to 
the back gate in Fig. 5.25 (a) was measured by sweeping the voltage from -10 mV to 10 mV 
for the source and drain. The leakage current versus applied voltage for drain and source are 
shown in Fig. 5.29. The leakage current is in the order of 10
-4 A for both drain and source and 
1 µm-distance of back gate from source and drain shows the dopants diffusion of source and 
drain towards the back gate is more than the previously stated 100 nm. The value of diffusion 
length that gives the leakage current in Fig. 5.29 is simulated later.  
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Fig. 5.29 Leakage current from source (solid line) and drain (dotted line) to substrate versus applied 
voltage to source and drain respectively 
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   In order to isolate the source and drain as much as possible a trench is milled between them, 
from the end of back gate till 160 nm away from the edge of channel using focused ion beam 
(FIB) in collaboration with Mr. Marek E. Schmidt. Figures 5.30 (a) and 5.30 (b) show the 
MOSFET  with  w=45,  g=200  nm,  l=1750  nm  and  lC=1000  nm  before  and  after  the  FIB 
milling,  respectively.  Id-Vg  characteristics  for  the  MOSFET  before  and  after  milling  are 
shown in Fig. 5.31. Figure 5.31 (a) shows the OFF-current of 3.07 mA and a small ON/OFF 
ratio. After milling in Fig. 5.31 (b), the OFF-current is decreased to 1.5 mA and almost a 
linearly increasing current is shown for the MOSFET that declares the high OFF-current for 
the MOSFET is due to the large diffusion length for dopants in drain and source towards the 
channel. In order to improve the DC characteristics after milling a trench with higher depth 
should be considered to be sure about the complete isolation of source and drain by trench. 
Moreover, a smaller distance than 160 nm distance between the trench and edge of channel in 
Fig. 5.30 (b) should be used in order to be able to deplete the channel by gate voltage.  
   Id-Vg characteristics for the MOSFET without the back gate and w=45 and l=2000 nm at 
Vd=200 and 300 mV in Fig. 5.32 shows the same behaviour in Fig. 5.31 (b). Figure 5.32 
shows an OFF-current of mA and a very small ON/OFF current ratio at Vd=200 mV and 
almost a linearly increasing current for Vd=300 mV that proves the large diffusion length for 
dopants in source and drain towards the channel. Figure 5.33 shows changing of the Id-Vg 
characteristic after the second time  measurement that should  be taken  in account for the 
subsequent RF measurement.  The DC characteristics of MOSFETs change over time mainly 
due to re-distribution of the trapped charges in oxide that is discussed later in the simulation 
and this instability makes the situation difficult for the subsequent RF measurement as the 
optimized bias voltages change.  
 
            
 
                                         (a)                                                                                   (b) 
Fig. 5.30 IP R-NEM sensor with w=45, l=1750 nm and lC=1000 nm (a) before and (b) after the FIB milling 
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                                             (a)                                                                                       (b) 
Fig. 5.31 The Id-Vg characteristic for the MOSFET with w=45, l=1750 nm and lC=1000 nm  
at Vd=100 mV(a) before and (b) after the FIB milling 
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Fig. 5.32 The Id-Vg characteristic for the N
+/P/N
+-type in-plane MOSFET without the back gate and  
with w=45 nm and l=2000 nm at Vd=200 and 300 mV 
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Fig. 5.33 Changes of the Id-Vg characteristic for the MOSFET with l=400 nm, g=80 nm and w= 105 nm 
after the second time measurement 
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   Same  as  the  characterization  for  the  MOSFET  in  Fig.  5.25  (a),  the  depletion-mode  p-
channel MOSFET (P
+/P/P
+-type) was characterized as shown in Fig. 5.34 (a). The negative 
voltage  in the range of -0.1-0  mV  is applied to drain, and the  back gate and source are 
grounded. Similar to Fig. 5.25 (b), the high control of drain over the channel at Vg=0 V is also 
seen in the Id-Vd characteristic of P
+/P/P
+-type MOSFET in Fig. 5.34 (b). Small changes in the 
drain current by increasing gate voltage to 20 V is shown in inset to Fig. 5.34 (b).  Using eq. 
(5-2), Vt=1.1 V is calculated that will be compared to the measured Vt of the MOSFET later.  
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                                            (a)                                                                                      (b) 
Fig. 5.34 The P
+/P/P
+-type in-plane MOSFET: (a) Dimensions and the DC characterization setup and  
(b) Id-Vd characteristics at Vg=0 and 20 V 
 
   Fig. 5.35 shows Id-Vg characteristics of the P
+/P/P
+-type MOSFET for different Vd voltages 
from -100 to -250 mV. With respect to Fig. 5.35, MOSFET has the OFF-current in the order 
of mA and small ON/OFF current ratio that is similar to Fig. 5.26 for N
+/P/N
+-type MOSFET 
and shows the control of drain over the current in the channel. The threshold voltage of Vt≈9 
V  is  found  for the  MOSFET that  is larger than the previously calculated Vt=1.1 V. The 
MOSFET is ON for Vg<Vt and is OFF for Vg≥Vt due to the depletion of channel so called 
normally-ON MOSFET. In Fig. 5.35, the current is increased by increasing Vd due to the 
higher impact of drain over the channel. gm versus Vg of the MOSFET for different Vd are 
shown in Fig. 5.36. The applied drain voltage of Vd=-200 mV at Vg=8.7 V gives the highest 
transconductance of 1.07 mS for the MOSFET that is three orders of magnitude larger than 
that of the RSG-MOSFET, so these values will be used as the optimal values for drain and 
gate voltages for the subsequent RF measurement. The P
+/P/P
+-type MOSFET works very 
near  to  the  saturation  region.  By  doing  the  RF  measurement  for  this  MOSFET  in  high 
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vacuum the output signal from the resonator is amplified very well. The instability of DC 
characteristics was seen also for the P
+/P/P
+-type MOSFET by passing time that should be 
considered for the RF measurement.  
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Fig. 5.35 Id-Vg characteristics at different Vd for the P
+/P/P
+-type in-plane MOSFET  
with w=135 nm, g=80 nm and l=2000 nm 
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Fig. 5.36 gm versus Vg at different Vd for the P
+/P/P
+-type in-plane MOSFET  
with w=135 nm, g=80 nm and l=2000 nm 
 
   In order to investigate the high OFF-current, small carrier modulation in the channel due to 
Vg and high threshold voltage of the characterized MOSFET in Fig. 5.25 (a), it was simulated 
using ATLAS 3D (see Appendix A.6) as shown in Fig. 5.37 (a). The two-dimensional (2D) 
top  view  of  the  MOSFET  is  shown  in  Fig.  5.37  (b).  A  suspended  gate  is  modelled  by 
considering an air region around the beam. To make the structure more consistent with the 
fabricated  device,  a  15  nm-SiO2  layer  is  considered  around  the  beam  and  on  top of  the 
channel as shown in the zoomed area in Fig. 5.37 (b). The surface mobility model, auger 
recombination,  band  gap  narrowing  and  Fermi-Dirac  distribution  are  considered  for  the 
carriers in the simulation [142],[159]. In the beginning an ideal uniform doping profile was 
considered for source, drain and back gate and the Id-Vg characteristic of the MOSFET is 
shown in Fig. 5.38 (a). Figure 5.38 (a) shows the OFF-current in the order 10
-17 A, ON-
current in the order of µA and Vt=1.6 V. Then Gaussian doping profile was considered for CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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source, drain and back gate and the value for the diffusion length along with y-axis, vertical 
diffusion length, was varied to find the value that gives the leakage current between drain and 
back gate as much as the current order in Fig. 5.29. Id-Vg characteristics of the MOSFET at 
Vd=400 mV are shown in Fig. 5.38 (b) with vertical diffusion length of 100 nm (solid line) 
and 400 nm (dotted line) while the diffusion length along x-axis, lateral diffusion length, is 
50 nm for both. The solid line in Fig. 5.38 (b) shows the OFF-current of nA, ON-current of 8 
µA and Vt=1.5 V  for the  vertical diffusion  length of 100  nm. By  increasing the  vertical 
diffusion length to 400 nm, the OFF-current increases to the order of mA for the dotted line 
in Fig. 5.38 (b) with the ON-current in the same order that is consistent with the measurement 
result for Vd=400 mV in Fig. 5.26 and shows that how the leakage from source and drain to 
the back gate can affect the Id-Vg characteristic. In Fig. 5.38 (b), the lateral diffusion length of 
400 nm gave the leakage current in the order of ~10
-4 A from drain to the substrate and Vt 
=1.4 V that is much smaller than the shown Vt in the measurement result for Vd=400 mV in 
Fig. 5.26.  
 
  
                                               (a)                                                                           (b) 
Fig. 5.37 The simulated IP R-NEM sensor with the suspended gate in ATLAS 3D: (a) The 3D and (b) top 
2D view of the device 
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                                            (a)                                                                          (b) 
Fig. 5.38 The Id-Vg characteristic of the N
+/P/N
+-type in-plane MOSFET in ATLAS 3D with w=135 nm,  
g=80 nm, l=2000 nm, lC=1250 nm at Vd=400 mV considering: (a) Uniform doping for source, drain and 
back gate and (b) Gaussian doping for source, drain and back gate with lateral diffusion of 50 nm and 
vertical diffusion length of 100 nm (solid line) and 400 nm (dotted line)  
 
   The lateral diffusion length is increased from 50 nm in Fig. 5.38 (b) to 150 nm in Fig. 5.39. 
In Fig. 5.39 (solid line), Vt is decreased to zero volts and OFF-current is increased compared 
to Vt in Fig. 5.38 (b). Only the introduction of a negative charge (Qn=-1×10
12 cm
-3) in the 
interface of 15 nm-oxide layer above the channel and channel surface causes the increase of 
Vt from zero for solid line to Vt≈11 V for dotted line in Fig. 5.39 that is consistent with the 
measurement result in Fig. 5.26.  The introduced interface charge can be considered as a 
representative for the surface roughness in the channel-edge and also the possible trapped 
charges due to the implantation in SiO2. The dependency of Vt to trapped charges causes the 
instability of DC characteristics of MOSFETs by passing time in Fig. 5.33. If the same value 
of 400 nm for the vertical diffusion length is assumed for the lateral diffusion length, larger 
Qn than -1×10
12 cm
-3 should be considered in the surface to have the same Vt in Fig. 5.26. 
Based on the dependency of Vt to Qn, the reduction of Vt by reducing Vd in Fig. 5.26 is 
explained. Smaller Vd in Fig. 5.26 attracts smaller Qn in the surface of channel that results in 
smaller increase of Vt due to Qn with respect to Fig. 5.39. By reducing the length of channel 
the amount of Qn reduces and the impact of Vd on Vt is higher that causes the reduction of Vt 
as shown in Fig. 5.27. 
   Id-Vg characteristics of P
+/P/P
+-type MOSFET (Fig. 5.34 (a)) at Vd=-200 mV is shown in 
Fig. 5.40 for the lateral and vertical diffusion length of 150 nm and 400 nm, respectively. 
Transverse mobility model, Shockley-Read-Hall recombination and Fermi-Dirac distribution 
are considered for the carries in the simulation [142],[159]. The solid line Id-Vg characteristic 
in Fig. 5.40 shows Vt≈18 V that is larger than that of the measurement results in Fig. 5.35. 
The introduction of a positive charge (Qp=8×10
9 cm
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and channel surface causes the reduction of Vt to ≈8 V for the dotted line Id-Vg characteristic 
in Fig. 5.40 that is close to the measured Vt value in Fig. 5.35. Figure 5.40 shows the OFF-
current in the order of mA and a small ON/OFF current ratio same as Fig. 5.35. Same as 
N
+/P/N
+-type, if 400 nm is considered for both vertical and lateral diffusion lengths, a larger 
Qp than 8×10
9 cm
-3 should be considered in the surface to have the same Vt in Fig. 5.35 and 
the  instability  of  DC  characteristics  of  P
+/P/P
+-type  MOSFETs  is  also  explained  by  the 
dependency of their Vt to trapped charges in oxide. Same as the explanation for the N
+/P/N
+-
type MOSFET in Fig. 5.26, the dependency of Vt to Qp is used to explain the reason of the 
increase of Vt by reducing |Vd| in Fig. 5.35. Smaller |Vd| in Fig. 5.35 attracts smaller Qp in the 
surface of the channel that results in smaller decrease in Vt with respect to Fig. 5.40.   
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Fig. 5.39 Id-Vg characteristics of N
+/P/N
+-type MOSFET in ATLAS 3D with w=135 nm, g=80 nm, l=2000, 
lC=1250 nm and lateral diffusion length of 150 nm and vertical diffusion length of 400 nm at Vd=400 mV 
with and without Qn in the surface of channel 
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Fig. 5.40 Id-Vg characteristics of P
+/P/P
+-type MOSFET in ATLAS 3D with w=135 nm, g=80 nm, l=2000, 
lC=1250 nm and lateral diffusion length of 150 nm and vertical diffusion length of 400 nm at Vd=-200 mV 
with and without Qp in the surface of channel CHAPTER 5 In-plane resonant NEM sensor: Characterization 
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5.4  Summary 
   In  this  chapter,  first  characterization  of  NWs  were  conducted  before  and  after  their 
suspension  to  investigate  the  effect  of  using  liquid  and  vapor  HF  etching  on  the 
characteristics of NWs. RF characterization for the suspended NWs were done in five steps in 
order  to  reduce  the  effect  of  parasitic  frequencies  that  were  enforced  to  their  measured 
transmission signal by using SMA connectors, chip carrier and circuit board. It was found 
that  a  proper  RF  measurement  pad  is  necessary  for  the  S-parameter  characterization  of 
devices that was considered for NEM structures. Then DC characterization for suspended 
beams of NEM structures were done following by their RF characterization. The transmission 
signal for a measured NEM structure was compared to the experimental result for the RSG-
MOSFET with the capacitive detection setup. Higher value for the motional resistance of the 
NEM structure in the atmosphere as the working environment in comparison with the RSG-
MOSFET caused the difficulty of finding the resonance peak in its transmission signal. If the 
quality  factor of the NEM structure is dominated by air damping,  by conducting the RF 
measurement in high vacuum the motional resistance reduces a few order of magnitudes and 
the  total  quality  factor  increases  that  results  in  ease  of  distinguishing  the  mechanical 
resonance peak from parasitic frequencies.  The introduction of an in-plane MOSFET to the 
suspended  beam  in  IP  R-NEM  sensor  improves  the  transmission  signal  by  its 
transconductance. For this reason the IP R-NEM sensor was characterized to optimize the DC 
bias voltages that could provide the highest transconductance for the sensor that will be used 
for  the  subsequent  RF  measurement.  The  measured  sensors  with  P
+/P/P
+-type  MOSFET 
showed a transconductance higher than the RSG-MOSFET even with high OFF-current and 
small ON/OFF current but for N
+/P/N
+-type MOSFETs the transconductance was in the same 
order of the transconductance for the RSG-MOSFET and further processing on them such as 
FIB milling is necessary to improve the DC characteristic of MOSFETs. Further physical-
level simulations were done for the investigation of characterized sensors in DC-level.  
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6.1  Summary 
   In the previous chapters, the most recent NEM-IC devices with different applications such 
as switch, memory and sensor were presented. The sensing application of NEMS-IC devices 
especially  biosensing  was  the  centre  of  focus  for  the  developed  devices  in  this  thesis. 
Performance factors of biosensors that include limit of detection (LOD) were discussed after 
studying their classification. The developed devices particularly targeted DNA molecules by 
using the mass-detection technique. In this technique the mass of target molecules affects the 
total mass of the resonator and consequently changes its primary resonance frequency to a 
new value. For this reason a preliminary method was described to convert the unit of LOD of 
the mass-detection DNA sensors from mol/L to g/cm
2.  
   The quartz-crystal microbalance (QCM) biosensor was studied as a commercial example 
for  the  mass-detection  based  biosensors.  Mass  detection  limit,  quality  factor  and  mass 
responsivity of a few QCM biosensors were presented and compared to the equivalent values 
for the newly developed devices. The previously proposed resonant suspended gate filed-
effect-transistor (RSG-FET) was studied and found to have similar operation to the developed 
sensor in this thesis. RSG-FET consists of a metal-oxide-semiconductor FET (MOSFET) that 
is integrated with a suspended gate that moves out-of-plane. The network and impedance 
analyzer  as  well  as  lock-in  amplifier  were  discussed  as  the  available  measurement CHAPTER 6 Summary and future plan 
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instruments for the characterization of high frequency devices like RSG-FET and resonant 
body FinFET (RB-FinFET).  
   The newly-proposed in-plane resonant NEM (IP R-NEM) sensor consists of an in-plane 
MOSFET that is integrated with a suspended clamped-clamped (CC) beam. The resonating 
CC beam plays the role of a gate for the MOSFET and the sensing block for the sensor. The 
basic part of the sensor, the NEM structure, that includes a CC beam and two side electrodes 
was simulated with three-dimensional finite-element-method (3D FEM) to investigate the key 
parameters of the resonator and then compared  to the analytically calculated values. The 
quality factor of a resonator is an important parameter for the subsequent radio-frequency 
(RF) characterization. For this reason, different sources of damping in a resonator including 
air,  anchor  and  thermoelastic  damping  were  studied  using  both  numerical  and  analytical 
techniques. The usage of a free-free (FF) beam for the NEM structure was presented as an 
alternative structure that improved the quality factor by a few orders of magnitude.  
   The small capacitance of the CC beam in the NEM structure provided a small output signal 
for the device that needs to be amplified using the integrated MOSFET in the IP R-NEM 
sensor which was simulated in hybrid NEM-MOS circuit-level. The effect of changing the 
gap and applied DC voltage on the quality factor, resonance frequency and magnitude of the 
output signal of the sensor were investigated. In order to make the beam sensitive to target 
molecules, its surface was functionalized. Functionalization and detection processes of the 
sensor  for  both  gas-  and  liquid-phase  detection  were  modelled  to  calculate  the  mass 
responsivity of the sensor that is a determinant factor for mass-detection based sensors. The 
IP R-NEM sensor showed a unique mass responsivity in the order of zepto g/Hz among the 
commercialized  QCM  and  other  state-of-the-art  biosensors.    The  scaling  rule  of  k
4  was 
calculated for the mass responsivity of the resonator.  
   Three types of devices were fabricated in this thesis. First the non-suspended nano-wire 
(NW) devices that consist of a NW with two side electrodes were suspended using liquid and 
vapor HF etching. Vapor HF provided  non-contaminated suspended NWs along with the 
reduced possibility of bending or stiction for the longer NWs.  Then the mask layout design 
and the optimized fabrication process of CC and FF NEM structures were discussed. The 
fabrication process consists of one step of electron beam (EB) lithography followed by two 
steps of photolithography for final suspension of beams using vapor HF or three steps of 
photolithography in the case of using liquid HF for the suspension of beams. Finally, the 
mask  layout based on the  fabrication process technology at the Commissariat à  l'Energie CHAPTER 6 Summary and future plan 
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Atomique-Laboratoire d'Electronique et de Technologie de l'Information (CEA-LETI) was 
designed for the IP R-NEM sensor and the fabrication process was explained.  
   The  characterization  of  NWs  were  conducted  before  and  after  their  suspension  to 
investigate the effect of using liquid and vapor HF etching on the characteristics of NWs. 
Using vapor HF gave less current for NWs at zero voltage without the necessity of doing 
further annealing for the reduction of current. As the contact pads for NWs were not designed 
for high frequency measurement, a measurement setup consisting of a circuit board, a chip 
carrier and sub-miniature version A (SMA) connectors were used for the RF characterization 
of suspended NWs using network analyzer. The measurement was conducted in five steps to 
reduce the effect of parasitic frequencies caused by SMA connectors, chip carrier and circuit 
board. It was difficult to recognize the resonance frequency peak in the transmission, S21, 
signal due to the presence of parasitic peaks even after doing a calibration before starting the 
measurement.  
   A  proper  RF  measurement  pad  was  necessary  for  the  S-parameter  characterization  of 
devices that was considered for the NEM structures. The DC characterization for suspended 
beams of NEM structures were done following by their RF characterization in the atmosphere 
and  room  temperature  using  network  analyzer.  The  S21  signal  for  the  measured  NEM 
structure was compared to the experimental result for the RSG-MOSFET with the capacitive 
detection setup because of the difficulty of finding the resonance peak for the NEM structure. 
This comparison showed the higher value of the motional resistance for the NEM structure 
that caused a smaller magnitude than the 2 dB-magnitude transmission signal of the RSG-
MOSFET  and  consequently  the  difficulty  of  distinguishing  this  small  peak  from  the 
background noise signal. Based on the analytical calculations, the RF characterization in high 
vacuum  reduced  the  motional  resistance  and  increased  the  quality  factor that  makes  the 
recognition of the resonance peak much easier. To further reduce the motional resistance, a 
higher DC voltage than 40 V should be applied to the beam that may cause the pull-in or 
breaking of it. The impedance analyzer can be used as an alternative measurement method for 
the RF characterization of the devices with high input impedance.  
   The integrated MOSFET in the IP R-NEM sensor amplifies the transmission signal by its 
intrinsic gain. The IP R-NEM sensor was characterized to optimize the DC bias voltages that 
could provide the highest transconductance for the sensor that can be used for the subsequent 
RF measurement. Measured sensors with P
+/P/P
+-type MOSFETs showed a transconductance 
higher than the RSG-MOSFET even with high OFF-current and small ON/OFF current ratio. 
The large gain for the P
+/P/P
+-type MOSFETs and the RF characterization at high vacuum CHAPTER 6 Summary and future plan 
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improves the output signal from the resonator.  For sensors with N
+/P/N
+-type MOSFETs, the 
amplification of transmission signal by the transconductance was in the same order of the 
RSG-FET  and  further  processing  will  be  needed  for  the  improvement  of  their  DC 
characteristics that are explained in the future plan.  Some physical-level simulations were 
done  for  the  investigation  of  characterized  sensors  in  DC-level.  The  dependency  of  DC 
characteristics of MOSFETs to trapped charges in the oxide above the channel was the reason 
for  time-dependency  of  their  characteristics  that  should  be  kept  in  mind  during  the time 
optimum biasing voltages is applied to the sensor. Moreover, the origin of high OFF-current 
for the fabricated sensors is due to a large lateral diffusion of dopants in drain and source. 
 
6.2  Future plan  
   My research project is a part of European FP7 NEMSIC project that will be finished in 
April 2012. I will continue my involvement in the project until April and then follow a future 
plan during the period of submission of my thesis in February and finishing of the project in 
April:  
  As explained in chapter 4, in order to have an ohmic contact between Aluminium 
and silicon in contact holes of NEM structures, a silicon-on-insulator (SOI) wafer 
with  higher doping than the previously used doping of 2×10
19 cm
-3 should  be 
used. For this reason the phosphorus ion was implanted in the oxidized SOI wafer 
at the University of Surrey with the energy of 90 keV and doping of 5×10
15 cm
-3 
that provided a doping of 6×10
19 cm
-3. With respect to Table 4.5, fabrication steps 
were done up to the deposition of SiO2 layer and the rest of fabrication steps will 
be  completed  in  the  mentioned  period.  The  forming  gas  annealing  after  the 
suspension of beams in the last step of fabrication will be done at temperatures 
less than 350 
oC and different times to find the optimum recipe with the  best 
conductivity between Aluminium and silicon.   
  The in-plane MOSFET for the IP R-NEM sensor showed high OFF-current due to 
the lateral diffusion of dopants in drain and source. In order to isolate the drain 
and source, a trench was milled with focused ion beam (FIB) from the end of back 
gate till near the edge of the channel. The depth and the distance of the trench to 
the edge of channel would be optimized for further isolation than Fig. 5.30 (b). If 
the distance can be reduced to less than 160 nm in Fig. 5.30 (b) the possibility of CHAPTER 6 Summary and future plan 
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depletion of the narrow channel by the gate will increase. Some simulations will 
be conducted using ATLAS 3D to find the optimum distance. Moreover, further 
annealing will be done to passivate the trapped charges in the thermal oxide layer. 
  The RF characterization for the NEM structures and IP R-NEM sensors should be 
done in high vacuum in order to minimize the motional resistance of the resonator. 
The  available  Lakeshore  probe  station  with  DC  probes  at  the  Southampton 
Nanofabrication Centre (SNC) will be used for the measurement in vacuum. The 
existence DC probes can measure the devices with frequencies up to 1 GHz using 
the newly installed non-magnetic semi-rigid microwave coaxial cables. The only 
issue for this setup will be the calibration that will be done at the end of RF cables 
using Agilent Ecal as explained in chapter 5. Some calibration features will be 
prepared for more accurate calibration to bring the measurement reference plane 
from the end of RF cables to the tips of the probes.  
  The RF characterization for NEM structures and IP R-NEM sensors using lock-in 
amplifier  will  be  done  after  preparing  the  new  measurement  setup  at  the 
University of Southampton (UoS) and also using the currently available setup at 
the École Polytechnique Fédérale de Lausanne (EPFL).  
  After  completing  the  RF  measurement  of  devices  and  finding  the  resonance 
frequency,  devices  will  be  sent  to  the  Interuniversitair  Micro-Electronica 
Centrum-Belgium  (IMEC-BE)  for  the  functionalization  of  the  beams.  For 
example, the silane couplers such as APTES (Amino-propyltrimethoxysilane) can 
be used to convert the silanol groups of the native oxide on the beam to the active 
amino  groups.  The  other  method  is  to  make  the  H-terminated  silicon  surface 
active  for  sensing  by  using  alkenes  or  alkyne-based  molecules.  The  RF 
characterization after the functionalization process will be done to calculate the 
shift of frequency due to the added linker molecules to the beam. 
  The  functionalized  NEM  structures  and  IP  R-NEM  sensors  are  suitable  for 
biological detection and introducing the target molecules in liquid to devices and 
their characterization afterwards will be investigated in my future plan. 
  As a main focus of my future plan, I intend to prepare a manuscript to submit to a 
peer reviewed journal paper that is based on the fabrication and characterization of 
the NEM structures and IP R-NEM sensors.   CHAPTER 6 Summary and future plan 
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   For my future plan after the PhD, I have submitted a proposal for the short-term post-
doctoral fellowship to the Japan Society for the Promotion of Science (JSPS) in collaboration 
with Prof. Hiroshi Mizuta who will host me at the Japan Advanced Institute of Science and 
Technology  (JAIST).  The  following  plan  will  be  considered  after  finishing  of  NEMSIC 
project in April:   
  The host researcher, Prof. Hiroshi Mizuta, is currently building a unique NEM 
sensor measurement system  for gas detection which  is an  ideal characterization 
platform  for  my resonant  sensor  devices.  By  using  this  system,  the  target 
molecules such as CO2 will be introduced to the functionalized NEM structures 
and IP R-NEM sensors that are suitable for gas detection and the devices will be 
characterized after this step.  
  With respect to the high sensitivity of IP-RNEM sensor to very small changes in 
mass, the observation of the sparse distribution of target molecules on the surface 
of the suspended gate of sensor will help me in the atomistic characterization of 
the sensor. For this reason the availability of the world-best atomic resolution 
scanning transmission electron microscope (STEM) at JAIST provides me with 
the best opportunity to investigate the characterization of IP-RNEM sensor before 
and after the adsorption of CO2 molecules to the suspended beam. 
  Different NEM structures and IP R-NEM sensors with different dimensions of 
gap,  beam  size  and  MOSFET  channel  length  were  already  considered  in  the 
fabricated sensors so studying the effect of dimensions of the resonator on the 
mass sensitivity after doing functionalization and detection processes will be done 
as part of my future plan.  
  Investigating the noise analysis in low temperature and low vacuum environments 
besides the operation in the atmosphere and room temperature is also considered 
in my plan. 
  Introducing new designs for the sensor such as those using a free-free suspended 
beam  for  the  sensor  as  shown  in  Fig.  3.10 (a) and  studying  its  operation  and 
characteristics as a possible candidate for the proposed clamped-clamped IP-R-
NEM sensor is considered in my future plan. Moreover, I want to investigate the 
resonance frequency and mass sensitivity of silicon nitride, silicon carbide (SiC) CHAPTER 6 Summary and future plan 
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and  graphene-based  IP-RNEM  sensors  that  have  higher  Young’s  modulus  and 
consequently stiffer beam that leads to higher resonance frequencies. 
  My future plan also includes, additional manuscripts submission to journal papers 
and  research  proposals  based  on  the  new  experimental  results  of  the  NEM 
structures and IP R-NEM sensors that I have developed during the fellowship. 
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Appendices 
 
A.1 CoventorWare  
   Modelling and simulation of micro/nano-electro-mechanical systems (MEMS/NEMS) is of 
vital importance to develop innovative products and to reduce time-to-market at a lower total 
cost. Advanced design methodologies and a variety of software tools are utilized in order to 
analyze complex geometrical structures, to account for interactions among different physical 
domains and to capture the cooperative play of micro/nano-devices and connected electronic 
circuitry or signal processing units. Coventoreware [125] is one of these softwares that have 
the capability of modelling MEMS/NEMS.  
   CoventorWare was used for simulating the devices in this project. This suite consists of 
four parts which are Designer, Analyzer, Integrator and Architect. The design flow of this 
software is shown in Fig. A.1. 
 
 
Fig. A.1 The system flow of CoventoreWare [125] 
 
   Designer  includes  process  editor,  layout  editor  and  solid  modeller.  After  defining  the 
fabrication process and physical structure of the device in Designer, three types of analysis 
can be done in the Analyzer section.     
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  Electro-static analysis can be used to calculate capacitance and charge by applying 
voltage and is called the MemElectro analysis.  
  Mechanical  analysis  is  used  to  study  the  stress  distribution,  modal  and  harmonic 
analysis and is called the MemMech analysis.  
  Coupled electro-mechanics analysis is used to simulate pull-in and pull-out and is 
named as the CoSolve analysis. 
   Integrator part is used to provide special features for Architect that analyzes a device at the 
circuit-level. 
 
A.2 SOI technology-based dimensions for the NEM 
structure 
   The dimensions of the structure in Fig. 3.1 (a) are modified for the layout design in order to 
achieve the targets and limitations of the fabrication process. New dimensions are shown in 
Figs. A.2 (a) and A.2 (b). The frequency of first 6 modes (out-of-plane and in-plane modes) 
of NEM structures in Figs. A.2 (a) and A.2 (b) are shown  in Figs. A.3 (a) and A.3 (b), 
respectively. The first in-plane mode in Fig. A.3 (a) is far enough from the out-of-plane mode 
that will reduce the possibility of mixing in-plane and out-of-plane movements. In Fig. A.3 
(b), the second out-of-plane mode is so near to the first in-plane mode and it causes the 
occurrence  of  a  mixed  mode  of  in-plane  and  out-of-plane  movement  that  interrupts  the 
wanted behaviour of the device. Based on the effect of dimension on the resonance behaviour 
of the  beam, different dimensions were used  for the designed  mask  layout for the NEM 
structure 
 
            
                                                             (a)                                                               (b) 
Fig. A.2 Considered dimensions for the NEM structure: (a) The 20 nm-width and (b) 100 nm-width beam 
  
 
139 
          
                                                 (a)                                                                         (b) 
Fig. A.3 The first 6 modes of the mechanical resonance for the NEM structure with: (a) The 20 nm-width 
and (b) 100 nm-width beam 
 
   The comparison of the displacement versus voltage characteristics of the structures in Figs. 
A.2 (a) and A.2 (b) are shown in Fig. A.4. Using eq. (3-4), kbm is larger for wider beam and it 
causes larger pull-in voltage due to eq. (3-8). Figure A.4 shows that larger voltage should be 
applied to the wide beam for having the same value of displacement of the narrow beam. 
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Fig. A.4 The displacement versus voltage for different widths for the suspended beam of the NEM 
structure 
 
A.3 The vibrating body field-effect-transistor 
   The vibrating body field-effect-transistor (VB-FET) was presented by D. Grogg et. al [160] 
as an integrated FET device in the body of a vibrating MEM structure that takes advantage of 
applying piezo-resistivity to the structure. In contrast with the resonance gate transistor [46] 
where the channel charge of a MOSFET is modulated by the vibrating gate, the proposed 
VB-FET utilizes accumulation/inversion channel charge and piezo-resistivity modulation in 
the body of an active FET integrated on a resonant MEM structure. VB-FETs can offer signal 
improvement  compared  with  traditional  capacitive  detection  [160].  The  VB-FET  was    
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introduced as an alternative for the mass-detection based resonant sensor in the NEMSIC 
project (Fig. A.5). 
 
 
Fig. A.5 Top schematic view of the VB-FET [160] 
 
   Monocrystalline silicon has a high piezo-resistivity combined with excellent mechanical 
properties which makes it particularly suited for the conversion of mechanical deformation 
into an electrical signal [152]. Due to this fact, the VB-FET has both contributions of charge 
modulation and piezo-resistivity. For studying the effect of adding piezo-resistivity to the 
mechanical beam similar to the behaviour of the VB-FET, the piezo-resistive concept was 
added to the suspended beam with low doping of NA=2×10
15 cm
-3. The suspended beam acts 
as the low doping channel for the VB-FET. Constant voltages are applied to ends of the beam 
that play the role of source and drain of the VB-FET. The used structure in Designer for 
modelling the piezo-resistive NEM (piezo-NEM) structure is shown in Fig. A.6. Changing of 
the voltage for the side electrode, VG, causes changes in the bending of the beam as a result of 
electro-static behaviour and changes in the bending of the beam means changes in the stress 
of the beam which varies the electrical resistance of the beam due to the piezo-resistivity. 
 
 
Fig. A.6 The simulated piezo-NEM structure in Designer 
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A.3.1   Piezo-resistivity 
   Piezo-resistivity  is  a  material  property  where  the  bulk  resistivity  is  influenced  by  the 
mechanical stresses applied to the material [152],[161].  A key component of piezo-resistance 
models is the gauge factor. The gauge factor, G, can be defined as the fractional change in 
resistance, R R/  , per unit strain,  , as follows [161]: 


R
R
G                                 (A-1) 
where G is unit less. The implicit differentiation of eq. (5-1) results in [161]: 
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The fractional change in area,  A A    / , is expressed in terms of the transverse strain by [161]: 
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where 
z t    . Including longitudinal strain, l l
l /    , and Poisson’s ratio, 
l t    /   , eq. (A-
2) is shown as [161]: 
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Dividing both sides of eq. (A-4) by  , G is [161]: 
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   The  fractional  change  in  the  resistivity,      / ,  is  the  principle  source  of  the  piezo-
resistance behaviour in semiconductors [162]. For a three-dimensional anisotropic crystal, the 
electric field vector, E, is related to the current vector, I, by a 3×3 resistivity tensor [152]: 
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   For  the  unstressed  silicon            
3 2 1   and  0 6 5 4          .  These  six  resistivity 
components are decomposed into six components: three normal stresses 
2 1,   and 
3   and 
three shear stresses 
2 1,   and
3  . The resistivities are referenced to the isotropic unstressed 
case and written as [152]:    
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   The  piezo-resistance  effect  can  now  be  described  by  relating  six  fractional  resistivity 
changes,       /
i , to each of the six stress components. The elements of this matrix are called 
piezo-resistance coefficients,  ij  , expressed in Pa
-1 [152]. 
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   The largest piezo-resistance coefficients for silicon are 
11  in N-type silicon and 
44  in P-type 
silicon. As the sign of these coefficients are opposite for N- and P-type silicon, their piezo-
resistance behaviour will be in opposite in tension and compression. It has been shown that 
the resistance of N-type silicon subjected to tensile stress decreases linearly and an applied 
compressive stress causes a linear increase in resistance [162]. The opposite trend is true in 
both cases  for P-type silicon, with the resistance  increasing  in tension  and decreasing  in 
compression [162]. 
 
A.3.2  Impacts of surface modification on the piezo-NEM 
structure  
   For the structure shown in Fig. A.6, a long beam with the length of 1.5 μm is used to have a 
conformal stress distribution throughout the length of the beam. Other dimensions of beam 
are  the  same  as  Fig.  3.1  (a).  Constant  voltages  of  -50,50  V  are  applied  to  ends  of  the 
suspended beam and a voltage range of 0-20 V is applied to the side electrode.  The default 
piezo-resistance coefficients for the low doping silicon are [152]: 
(for N-type silicon)  11  =-102.2×10
-5 MPa
-1,
 
12  =53.4×10
-5 MPa
-1,  44  =-13.6×10
-5 MPa
-1  
(for P-type silicon)  11  =6.6×10
-5 MPa
-1,
 
12  =-1.1×10
-5 MPa
-1,  44  =138.1×10
-5 MPa
-1   
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   The current through the beam versus the side electrode applied voltage is shown in Figs. 
A.7 (a) and A.7 (b) for N- and P-type silicon beams respectively for different thicknesses of 
the coating layer in the TB configuration. As shown in Fig. A.7 (a), by increasing the voltage, 
higher tensile stress applies to the N-type beam and results in smaller resistivity and larger 
current as expected from previous section for the N-type beam. Figure A.7 (b) shows the 
opposite  trend  for  larger  voltages  for  the  P-type  beam  with  respect  to  previous  section. 
Adding the coating layer to the beam causes higher compressive stress for the beam that 
results in a large change in the current at a specific voltage compared to the current of the un-
coated beam at the same voltage. Increasing the thickness of the coating layer means higher 
compressive stress that shows higher resistance and smaller current for the N-type beam and 
the  opposite  behaviour  for  the  P-type  beam  as  shown  in  Figs.  A.7  (a)  and  A.7  (b), 
respectively.  The results show the opposite behaviour for N-type and P-type beams because 
of  their  opposite  signs  for  piezo-resistance  coefficients.  As the  N-type  beam  has  smaller 
gauge factor, changes in current due to changes in stress for Fig. A.7 (a) is smaller compared 
to the P-type beam in Fig. A.7 (b). 
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                                                               (a)                                                                            (b) 
Fig. A.7 The current versus side electrode voltage for different coating layer thicknesses in the TB 
configuration for: (a) The N-type and (b) P-type beam 
 
A.3.3  Comparison of the IP R-NEM sensor and piezo-NEM 
structure  
   The NA doping of 2×10
15 cm
-3 is used for the suspended beam of piezo-NEM structure in 
Fig. A.6. The same model of Fig. 3.13 (b) is used for the IP R-NEM sensor considering the 
length of 1.5 μm and NA doping of 10
19 cm
-3 for the suspended beam. The channel of the 
MOSFET has the P-type doping of 1.7×10
17 cm
-3 .The same range of DC voltage is applied    
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to the side electrode for the IP R-NEM sensor and piezo-NEM structure. Then, the induced 
DC current in the suspended beam for the piezo-NEM structure and the effective current of 
MOSFET for the IP R-NEM sensor versus the applied DC voltage are compared in Fig. A.8. 
As shown in Fig. A.8, by applying piezo-resistivity to the NEM structure the current will be a 
few orders of magnitude larger than the current of the IP R-NEM sensor due to the effect of 
the piezo-resistance modulation of carriers.  
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Fig. A.8 The current versus side electrode voltage for the IP R-NEM sensor and the piezo-NEM structure 
 
A.4 ATHENA 
   ATHENA was used to simulate the doping profile in the SOI layer of the NEM structure 
after the phosphorus implantation step with the energy of 90 keV and doping of 1×10
15 cm
-3 
and drive-in step for 30 minutes in nitrogen (N2) gas at 1000 
oC. 
 
go athena 
 
# X CHARACTERISTICS 
line x loc=0.00 spac=0.005 
line x loc=0.25 spac=0.005 
line x loc=0.5 spac=0.005 
 
#Y CHARACTERISTICS 
line y loc=0.00 spac=0.0001 
line y loc=0.01 spac=0.0001 
line y loc=0.02 spac=0.0001 
line y loc=0.03 spac=0.001 
line y loc=0.04 spac=0.001 
line y loc=0.054 spac=0.005 
 
#METHOD 
method high.conc full.cpl 
 
# SUBSTRATE 
init silicon c.phosphor=1.0e14 orientation=100 two.d  
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# DEPOSIT OXIDE 
deposit oxide thick=0.096 divisions=96 
 
# IMPLANTATION 
implant phosphor dose=1e15 energy=90 monte tilt=5 rotation=0 crystal print.mom 
 
# DRIVE-IN 
diffus time=30 temp=1000 nitro 
 
structure outfile=SOI03.str 
tonyplot SOI03.str   
quit 
 
A.5 Cadence-Virtuoso layout editor 
   The layout of the IP R-NEM sensor was designed using Virtuoso tool in Cadence. The 
required steps for completing the layout design of the sensor are as follows and shown in Fig. 
A.9:  
  Define a new cell view, select the library and choose the Tool as Virtuoso 
  Set display options 
  Draw the layout in Virtuoso Layout Editor window based on the defined layers in 
layer select window (LSW) from library and the design rules of the used technology 
  Run the design rules check (DRC) 
 
 
Fig. A.9 Steps of the layout design using Cadence-Virtuoso    
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A.6 ATLAS three-dimensional (3D)-Deckbuild 
   The simulation for the IP R-NEM sensor in ATLAS 3D was defined using Deckbuild that is 
an interactive runtime and input file development environment within which all Silvaco’s 
TCAD can run. The following script is used for defining the N
+/P/N
+-type MOSFET in 3D. 
The required changes for P
+/P/P
+-type MOSFET are given in the boxes. 
 
go atlas 
# 
TITLE SOI device simulation IP R-NEM sensor 
# 
# SILVACO International 1992, 1993, 1994, 1995, 1996, 1997 
# 
# 0.04um of silicon on 0.145um oxide substrate      
# 
#**** define the mesh ****** 
# 
mesh   three.d  space.mult=1.0 
#   
x.mesh loc=0           spac=0.01 
x.mesh loc=0.135    spac=0.01 
x.mesh loc=0.215    spac=0.01 
x.mesh loc=0.51      spac=0.01 
x.mesh loc=1.76      spac=0.01 
x.mesh loc=2.055    spac=0.01 
x.mesh loc=2.135    spac=0.01 
x.mesh loc=2.27      spac=0.01 
# 
y.mesh loc=0           spac=0.1 
y.mesh loc=1.835    spac=0.1 
y.mesh loc=2.83      spac=0.1 
y.mesh loc=6.485    spac=0.1 
y.mesh loc=6.5        spac=0.1 
y.mesh loc=6.58      spac=0.1 
y.mesh loc=6.595    spac=0.1 
y.mesh loc=6.7        spac=0.1 
y.mesh loc=6.715    spac=0.1 
# 
z.mesh loc=0           spac=0.01  
z.mesh loc=0.015    spac=0.01 
z.mesh loc=0.025    spac=0.01 
z.mesh loc=0.04      spac=0.01  
z.mesh loc=0.185    spac=0.01  
# 
#************* define the regions ************************************************************** 
# 
region      num=1     x.min=0.215      x.max=2.055   y.min=0          y.max=1.835   z.min=0          z.max=0.04   silicon  
region      num=2     x.min=0.215      x.max=2.055   y.min=1.835  y.max=2.83      z.min=0          z.max=0.04   silicon 
region      num=3     x.min=0.215      x.max=0.51     y.min=2.83    y.max=6.485    z.min=0          z.max=0.04   silicon 
region      num=4     x.min=0.51        x.max=1.76     y.min=2.83    y.max=6.485    z.min=0          z.max=0.04   silicon 
region      num=5     x.min=1.76        x.max=2.055   y.min=2.83    y.max=6.485    z.min=0          z.max=0.04   silicon 
region      num=6     x.min=0.135      x.max=2.135   y.min=6.595  y.max=6.7        z.min=0.015   z.max=0.025 silicon 
region      num=7     x.min=0             x.max=0.135   y.min=6.58    y.max=6.715    z.min=0          z.max=0.04   silicon 
region      num=8     x.min=2.135      x.max=2.27     y.min=6.58    y.max=6.715    z.min=0          z.max=0.04   silicon 
region      num=9     x.min=0.215      x.max=2.055   y.min=0         y.max=6.5        z.min=0.04     z.max=0.185 oxide 
region      num=10    x.min=0            x.max=0.135   y.min=6.58    y.max=6.715    z.min=0.04     z.max=0.185 oxide 
region      num=11    x.min=2.135     x.max=2.27     y.min=6.58    y.max=6.715    z.min=0.04     z.max=0.185 oxide 
region      num=12    x.min=0.135     x.max=2.135   y.min=6.5      y.max=6.58      z.min=0          z.max=0.04   material=Air 
region      num=13    x.min=0.135     x.max=2.135   y.min=6.5      y.max=6.715    z.min=0.04     z.max=0.185 material=Air 
region      num=14    x.min=0.215     x.max=2.055   y.min=6.485  y.max=6.5        z.min=0          z.max=0.04   oxide 
region      num=15    x.min=0.135     x.max=2.135   y.min=6.58    y.max=6.595    z.min=0.015   z.max=0.025 oxide 
region      num=16    x.min=0.135     x.max=2.135   y.min=6.7      y.max=6.715    z.min=0.015   z.max=0.025 oxide 
region      num=17    x.min=0.135     x.max=2.135   y.min=6.58    y.max=6.715    z.min=0          z.max=0.015 oxide 
region      num=18    x.min=0.135     x.max=2.135   y.min=6.58    y.max=6.715    z.min=0.025   z.max=0.04   oxide 
# 
#*********** define the electrodes **************************************************** 
# #1-GATE #2-DRAIN #3-SOURCE  #4-BODY 
#  
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electrode  name=gate            x.min=0            x.max=0.135    y.min=6.58   y.max=6.715 z.min=0 z.max=0 
electrode  name=drain          x.min=1.76       x.max=2.055    y.min=2.83   y.max=6.485 z.min=0 z.max=0 
electrode  name=source        x.min=0.215     x.max=0.51      y.min=2.83   y.max=6.485 z.min=0 z.max=0 
electrode  name=substrate    x.min=0.215     x.max=2.055    y.min=0        y.max=1.835 z.min=0 z.max=0 
0 
# 
contact   name=gate         workfunction=4.1  
contact   name=drain       workfunction=4.1  
contact   name=source     workfunction=4.1 
contact   name=substrate workfunction=4.1  
# 
#*********** define the doping concentrations ********************************************************** 
# 
doping    uniform conc=1e16 p.type      x.min=0.215      x.max=2.055   y.min=1.835  y.max=2.83     z.min=0          z.max=0.04 
doping    uniform conc=1e16 p. type     x.min=0.51        x.max=1.76     y.min=2.83    y.max=6.485   z.min=0          z.max=0.04 
doping    uniform conc=4e19 n.type      x.min=0             x.max=0.135   y.min=6.58    y.max=6.715   z.min=0          z.max=0.04  
doping    uniform conc=4e19 n.type      x.min=2.135      x.max=2.27     y.min=6.58    y.max=6.715   z.min=0          z.max=0.04  
doping    uniform conc=4e19 n.type      x.min=0.135      x.max=2.135   y.min=6.595  y.max=6.7       z.min=0.015   z.max=0.025  
doping    gauss  n.type     conc=4e19 char=0.4 lat.char=0.15  x.min=0.215   x.max=2.055   y.min=0        y.max=1.835   z.min=0  z.max=0.04       
doping    gauss  n.type     conc=4e19 char=0.4 lat.char=0.15  x.min=0.215   x.max=0.51     y.min=2.83   y.max=6.485   z.min=0  z.max=0.04  
doping    gauss  n.type     conc=4e19 char=0.4 lat.char=0.15  x.min=1.76     x.max=2.055   y.min=2.83   y.max=6.485   z.min=0  z.max=0.04  
# 
save         outf=NMOS _0.str 
# 
#*******************  define the interface charge  ****************************** 
# 
interface qf=-1e12 x.min=0.51 x.max=1.76  y.min=6.485 y.max=6.485 z.min=0 z.max=0.04 
# 
#*************  define models  *************************************** 
# 
models auger surfmob aln1=-0.16 aln2=-2.17 aln3=1.07 etan=0.5 alp1=-0.296 \   
        alp2=-1.62 alp3=1.02 etap=0.33 mrefn1=481 mrefn2=591 mrefn3=1270 \ 
        mrefp1=92.8 mrefp2=124 mrefp3=534 fermi bgn print numcarr=1 electrons \ 
        temperature=300 
# 
solve init 
solve prev 
# 
#****  do IDVG characteristic  ***# 
method bicgst  maxtrap=4  trap 
solve vdrain=0.001 
solve vdrain=0.01 
solve vdrain=0.1 
solve vdrain=0.2 
solve vdrain=0.225 
solve vdrain=0.25 
solve vdrain=0.275 
solve vdrain=0.3 
solve vdrain=0.325 
solve vdrain=0.35 
solve vdrain=0.375 
solve vdrain=0.4 
# 
#ramp the gate and store the results 
log outf=NMOS_1.log 
# 
solve vgate=0       vstep=0.01  vfinal=0.2  name=gate 
solve vgate=0.21  vstep=0.1    vfinal=2     name=gate 
solve vgate=2.1    vstep=1       vfinal=20   name=gate 
# 
tonyplot NMOS_1.log -set NMOS_1.set 
# 
#****** do Id-Vd characteristic  ****** 
# 
#ramp the gate to 15 V 
log off 
solve init 
# 
method bicgst  maxtrap=4  trap 
solve vgate=0 
solve vgate=0.01 
solve vgate=0.1  
solve vgate=1 
solve vgate=10  
solve vgate=15 
In the case of P
+/P/P
+-type MOSFET 
# 
models srh conmob fldmob b.electrons=2 b.holes=1 evsatmod=0 hvsatmod=0 cvt \ 
        fermi print numcarr=2 temperature=300 
# 
mobility  bn.cvt=4.75e+07 bp.cvt=9.925e+06 cn.cvt=174000 cp.cvt=884200 \ 
        taun.cvt=0.125 taup.cvt=0.0317 gamn.cvt=2.5 gamp.cvt=2.2 \ 
        mu0n.cvt=52.2 mu0p.cvt=44.9 mu1n.cvt=43.4 mu1p.cvt=29 mumaxn.cvt=1417 \ 
        mumaxp.cvt=470.5 crn.cvt=9.68e+16 crp.cvt=2.23e+17 csn.cvt=3.43e+20 \ 
        csp.cvt=6.1e+20 alphn.cvt=0.68 alphp.cvt=0.71 betan.cvt=2 betap.cvt=2 \ 
        pcn.cvt=0 pcp.cvt=2.3e+15 deln.cvt=5.82e+14 delp.cvt=2.0546e+14 
 
In the case of P
+/P/P
+-type MOSFET 
qf=8e9 
In the case of P
+/P/P
+-type MOSFET 
doping  uniform conc=1e15 p.type 
doping  gauss      p.type     conc=1e19 
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# 
#ramp the drain and store the results 
# 
log outf=NMOS_2.log master 
solve vdrain=0.001 
solve vdrain=0.01 
# 
#method    newton  trap  maxtrap=10 autonr 
method  bicgst  maxtrap=4  trap   
solve vdrain=0.01 vstep=0.01 vfinal=0.1 name=drain 
# 
save         outf=RSGMOS-thesis2_1.str 
tonyplot NMOS_2.log -set NMOS_2.set 
tonyplot NMOS_2.log -set NMOS_3.set 
# 
quit 
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